Effects of heavy metals on microbial removal of inorganic nitrogen and phosphorus from secondarily treated sewage effluent. by Chang, Lydia. & Chinese University of Hong Kong Graduate School. Division of Biology.
EFFECTS OF HEAVY METALS ON MICROBIAL REMOVAL OF
INORGANIC NITROGEN AND PHOSPHORUS
FROM SECONDARILY TREATED SEWAGE EFFLUENT
by
Lydia Chang
Thesis submitted as partial fulfilment for
the degree of Master of Philosophy
July, 1989
Division of Biology
THE CHINESE UNIVERSITY OF HONG KONG

2THESIS COMMITTEE:
Dr. P.K. Wong (Advisor)
Dr. C.K. Wong (Advisor)




I would like to express my sincere thanks and deepest
jratitude to my thesis advisors, Drs. P. K. Wong and C. K. Wong,
without theirs patience guidance, constant advice and invaluable
assistance, this research and thesis would not have been
completed.
I would also like to express my gratitude to Prof. G. Hamer
for serving as the external examiner. Prof. S.T. Chang and Dr.
K.Y. Chan devoted time to serve as members of the thesis
committee. Their suggestions and critical reading of this thesis
ire very much appreciated.
I would also like to thank Mr. C.C. Wai for technical
assistance during the study. I am deeply grateful to Mr. Eric
S.C. Kwok for assisting and encouraging me in preparing this
thesis.
Finally, I would like to express my whole-hearted gratitude
to my family and Mr. Michael H.C. Kwok for their constant support




A. Objective of the study 1
B. Literature review
1. Eutrophication and the need to upgrade sewage
treatment processes 7
2. Conventional sewage treatment processes 8
3. Physical and chemical methods in removing
inorganic phosphorus and nitrates
i. Inorganic phosphorus removal 10
ii. Inorganic nitrogen removal 13
4. Biological methods in removing inorganic
phosphorus and nitrogen from wastewater 14
5. Effects of heavy metal on algae 20
6. Toxicity mechanisms of heavy metals on algae 22




1. Preparation of culture media
i. Modified Complete Medium 28
ii. Secondary Treated Sewage Effluent 28
2. Measurement of growth 28
53. Isolation of algae 31
4. Selection of algal strains 31
5. Maintenance of algal cultures 32
326. Heterotrophic growth of the isolated alga
B. Effects of heavy metals on the removal of inorganic
phosphorus and nitrogen, growth and photosynthesis
Chlorella sp. RS
1. Glasswares 33
2. Solutions of heavy metals 33
3. Effect of sublethal dosages of heavy metal
on the removal of inorganic phosphorus and
nitrogen of Chlorella sp. RS 34
4. Effects of sublethal dosages of heavy metals
on the growth of Chlorella sp. RS 34
5. Effects of sublethal dosages of heavy metal
on the apparent photosynthetic rate of Chlorell
sp. RS 35
6. Metal-metal interaction tests 36
RESULTS
A. Selection of algal strains 38
B. Heterotrophic growth of the algal culture 40
C. Effects of heavy metals on the removal of
inorganic nutrients by Chlorella sp. RS
421. Inorganic nitrogen
2. Inorganic phosphorus 80
689D. Effects of heavy metals on the growth of Chlorella
E. Effects of heavy metals on the apparent
photosynthetic rate of Chlorella sp. RS
1. Acute tests 118
2. Sublethal dosage toxicity tests 118
DISCUSSION
A. Effects of copper on the removal of inorganic
phosphorus and nitrogen, growth and
photosynthetic rate in Chlorella sp. RS 134
B. Effects of chromium on the removal of inorganic
phosphorus and nitrogen, growth and
photosynthetic rate in Chlorella sp. RS 140
C. Effects of nickel on the removal of inorganic
phosphorus and nitrogen, growth and
photosynthetic rate in Chlorella sp. RS
145
D. Perspective of using Chlorella sp. RS to remove









Table 1. Monthly average concentration of nitrogen and
2phosphorus in crude sewage and final effluent
Table 2. Monthly average concentrations of three heavy
4metals in final effluent.
29Table 3a. Composition of Modified Complete Medium...
Table 3b. Comparison between inorganic nitrogen and
phosphorus contents in one-twentieth of MCP
30and in final effluent
Table 4. Growth rate and yield of five algal strains
grown on secondarily-treated sewage effluent
39(SE) from a local sewage treatment plant
Table 5. Changes of NH4-N concentration in the medium
of the algal culture treated with different
44concentrations of copper.
Table 6. Changes of N03-N concentration in the medium
of the algal culture treated with different
46concentrations of copper.
Table 7. Changes of NH4-N concentration in the medium
of the algal culture treated with different
48
concentrations of chromium
Table 8. Changes of N03-N concentration in the mediu:
of the algal culture treated with different
51
concentrations of chromium
8Table 9. Changes of NH4-N concentration in the medium
of the algal culture treated with different
53concentrations of nickel..
Table 10. Changes of No3-N concentration in the medium
of the algal culture treated with different
55concentrations of nickel.
Table 11. Changes of NH4-N concentration in the medium
of the algal culture treated with different
concentrations of copper-chromium. 57
Table 12. Changes of NO3-N concentration in the medium
of the algal culture treated with different
58concentrations of copper-chromium.
Table 13. Changes of NH4-N concentration in the medium
of the algal culture treated with different
61concentrations of copper-nickel
Table 14. Changes of N03-N concentration in the medium
of the algal culture treated with different
62concentrations of copper-nickel
Table 15. Changes of NH4-N concentration in the medium
of the algal culture treated with different
68concentrations of chromium-copper
Table 16. Changes of NO3-N concentration in the mediu7
of the algal culture treated with different
69concentrations of chromium-copper
Table 17. Changes of NH4-N concentration in the medium
of the algal culture treated with different
72concentrations of chromium-nickel
9Table 18. Changes of N03-N concentration in the medium
of the algal culture treated with different
73concentrations of chromium-nickel
Table 19. Changes of NH4-N concentration in the medium
of the algal culture treated with different
concentrations of nickel-chromium. 74
Table 20. Changes of NO3-N concentration in the medium
of the algal culture treated with different
75concentrations of nickel-chromium,
Table 21. Changes of NH4-N concentration in the medium
of the algal culture treated with different
81concentrations of nickel-copper
Table 22. Changes of N03-N concentration in the medium
of the algal culture treated with different
82concentrations of nickel-copper
Table 23. Effect of copper on growth and yield of
97Chlorella sp. RS
Table 24. Combined effect of copper-chromium on growth and
101yield of Chlorella sp. RS
Table 25. Combined effect of copper-nickel on growth and
102yield of Chlorella sp. RS
Table 26. Effect of chromium on the growth and yield of
. 104Chlorella sp. RS
Table 27. Combined effect of chromium-copper on the growth
109and yield of Chlorella sp. RS.
Table 28. Combined effect of chromium-nickel on the growth
110and yield of Chlorella sp. RS
10
Table 29. Effect of nickel on growth and yield of
Chlorella sp. RS 112
Table 30. Combined effect of nickel-chromium on the growth
and yield of Chlorella sn. RS 115
Table 31. Combined effect of nickel-copper on the growth
and yield of Chlorella sp. RS 116
Table 32. Effect of copper on the apparent photosynthetic
rate of Chlorella sp. RS 119
Table 33. Effect of chromium on the apparent photosynthetic
rate on Chlorella sp. RE: 120
Table 34. Effect of nickel on the apparent photosynthetic




Figure 1. Heterotrophic growth of Chlorella sp. RS in
41different media.
Figure 2. Effect of copper on the removal of NH4-N by
43Chlorella sp. RS
Figure 3. Effect of copper on the removal of N03-N by
45Chlorella sp. RS.
Figure 4. Effect of chromium on the removal of NH4-N by
47Chlorella sp. RS
Figure 5. Effect of chromium on the removal of N03-N by
50Chlorella sp. RS
Figure 6. Effect of nickel on the removal of NH4-N bj
52Chlorella sp. RS
Figure 7. Effect of nickel on the removal of N03-N by
54Chlorella sp. RS
Figure 8. Combined effect of copper-chromium on the removal
59of NH4-N by Chlorella sp. RS
Figure 9. Combined effect of copper-chromium on the removal
60of NOI-N by Chlorella sp. RS
Figure 10. Combined effect of copper-nickel on the removal
64of NHa-N by Chlorella sp. RS
Figure 11. Combined effect of copper-nickel on the removal
65of NO3-N by Chlorella sp. RS
Figure 12. Combined effect of chromium-copper on the remova
66of NH4-N by Chlorella sp. RS
12
Figure 13. Combined effect of chromium-copper on the removal
of N03-N by Chlorella sp. RS 67
Figure 14. Combined effect of chromium-nickel on the removal
of NHt-N by Chlorella sp. RS 70
Figure 15. Combined effect of chromium-nickel on the removal
of N03-N by Chlorella sp. RS 71
Figure 16. Combined effect of nickel-chromium on the removal
76of NH4-N by Chlorella sp. RS
Figure 17. Combined effect of nickel-chromium on the removal
77of N03-N by Chlorella sp. RS
Figure 18. Combined effect of nickel-copper on the removal
78of NH4-N by Chlorella sp. RS
Figure 19. Combined effect of nickel-copper on the removal
79of NO--N by Chlorella sp. RS
Figure 20. Combined effect of three metals on the
83
-emoval of NHd-N by Chlorella sp. RS
Figure 21. Combined effect of three metals on the
84removal of NOI-N by Chiorella sp. RS
Figure 22. Effect of copper on the removal of P04--P
85by Chlorella sp. RS
Figure 23. Effect of chromium on the removal of PO4--P
86by Chlorella sp. RS
Figure 24. Effect of nickel on the removal of PO4 -P
87by Chlorella sp. RS
Figure 25. Combined effect of copper-chromium on the removal
88of PO4 -P by Chlorella sp. RS
Figure 26. Combined effect of copper-nickel on the removal
90of P04--P by Chlorella sp. RS
13
Figure 27. Combined effect of chromium-copper on the removal
of P04--P by Chlorella sp. RS 91
Figure 28. Combined effect of chromium-nickel on the removal
of P03a--P by Chlorella sp. RS 92
Figure 29. Combined effect of nickel-chromium on the removal
of PO4 -P by Chlorella sp. RS 93
Figure 30. Combined effect of nickel-coiner on the removal
of PO3--P by Chlorella sp. RS 94
Figure 31. Combined effect of three metals on the
removal of P04 3-_P by Chlorella sp. RS 95
Figure 32. Effect of copper on the growth of
Chlorella sp. RS 96
Figure 33. Combined effects of copper-chromium on the growth
100of Chlorella sp. RS
Figure 34. Combined effect of copper-nickel on the growth
L03of Chiorella sp. RS
Figure 35. Effect of chromium on the growth of
105Chlorella sp. RS.
Figure 36. Combined effect of chromium-copper on the growth
10.of Chlorella sp. RS
Figure 37. Combined effect of chromium-nickel on the growth
108of Chlorella sp. RS
Figure 38. Effect of nickel on the growth of
111Chlorella sp. RS.
Figure 39. Combined effect of nickel-chromium on the growth
. 113of Chlorella sp. RS
14
Figure 40. Combined effect of nickel-copper on the qrowth
114of Chlorella sp. RS
Fiqure 41. Combined effect of three metals
on the growth of Chlorella sp. RS 117
Figure 42. Effect of copper on the apparent photosynthetic
I77rate of Chlorella sp. RS
Figure 43. Effect of chromium on the apparent photosynthetic
123rate of Chlorella st. RS
Figure 44. Effect of nickel on the apparent photosynthetic
125rate of Chlorella sp. RS
Figure 45. Combined effect of copper-chromium on the
apparent photosynthetic rate of Chlorella
cn 'D C 126
Figure 46. Combined effect of copper-nickel on the
apparent photosynthetic rate of Chlorella
127sp. RS.
Figure 47. Combined effect of chromium-copper on the
apparent photosynthetic rate of Chlorella
128sp. RS
'igure 48. Combined effect of chromium-nickel on the
annarent photosynthetic rate of Chlorella
129sp. RE
Figure 49. Combined effect of nickel-chromium on the
nnnarPnt nhotosvnthetic rate of Chlorella
139
sp. RS
Figure 50. Combined effect of nickel-copper on the




Figure 51. Combined effect of three metals on the
apparent photosynthetic rate of Chlorella
sp. RS 133
1INTRODUCTION
A. Objective of the study
Hong Kong is facing a lot of pollution problems in recent
years as a result of rapid population and industrial growth.
Eutrophication of Hong Kong's water bodies is one of the example
that has received much concern. This situation is particularly
difficult because Hong Kong lacks adequate wastewater treatment
and disposal systems.
The sewerage system in Hong Kong carries approximately 1.8
million m3 of sewage each day. Approximately 40% of this is
subjected to screening or primary treatment and 10% to secondary
treatment, followed by disposal into marine waters. The remaining
50% is discharged directly into marine waters without any
treatment (Hong Kong Government, 1989). However, even the final
effluent of secondarily treated sewage contains high levels of
inorganic phosphorus and nitrogen (Table 1) which may cause water
pollution problem.
Like any industrial city, Hong Kong produces daily a wide
variety of wastes of varying quantities. For example, Hong Kong
produces approximately 270 tons per day (t.p.d.) of chemical
wastes. The bulk of which is originated from a variety of
industries. Yet, only a small proportion of these wastes is
treated at in-house treatment plant. The majority is discharged
directly into sewers or stormwater drains.
The variety and quantity of wastes that are generated in Hong
Kong clearly demonstrate that careful management is urgently
needed to minimize their impact on the environment. The ultimate
2Table 1. Monthly average concentration of nitrogen and phosphorus










Data was supplied by a local sewage treatment plant in 1987
a: Non-detectable
b: Total N= Inorg. N+ Org. N
3solution depends much on the upgrading of the sewage treatment
processes, such that the wastewater treatment processes could be
improved both qualitatively and quantitatively.
Some of the possible advance methods will be discussed in the
next section (literature review). Biological systems, or more
specifically- algal system, is one method that has been studied
extensively. This system is efficient and stable. Moreover, it
meets most of the requirements of an ideal advance sewage
treatment. In 1986, an Chiorella sp. RS was isolated from the
return sludge of a local sewage treatment plant. In laboratory
study, the alga, grown in the secondarily treated sewage
effluent, removed about 50-90% NH4-N, 50-80% NO3- and about 10-
20% P043--P from the sewage effluent (Wong, Unpublished results
the processes to isolate Chiorella sp. RS will be described in
the MATERIALS AND METHODS section of this thesis). The results
of that study indicated that it is feasible to use Chlorella sp.
RS in removing inorganic nitrogen and phosphorus from secondarily
treated sewage effluent. However in 1987, from the results in
pilot scale as well as in laboratory experiments, the removal
efficiencies of inorganic nitrogen and phosphorus of isolated
alga were lower than those obtained from the previous
laboratories experiments (Wong, unpublished results).
However, as mentioned before, the sewage system in Hong Kong
carries a variety of industrial wastes. Table 2 shows the heavy
metal composition in final effluent of a local wastewater
treatment plant which-receives significant amount of industrial
4Table 2. Monthly average concentrations of three heavy metals
in final effluent.





Data was supplied by a local sewage treatment plant
a: Concentration of metals were measured monthly. Figures
are mean values of 12 months.
5wastewater daily. From Table 2, it is not difficult to find that
the levels of heavy metals, especially copper, in final
effluent significantly increased between 1986 and 1987. After
some preliminary studies, the lowering in removal efficiencies of
inorganic nutrients may due to the increase in heavy metals
concentrations that inhibited the growth as well as other
physiological processes of the alga (Wong, unpublished results).
The aim of the present study is to determine how the algal
system, which is used in removing inorganic phosphorus and
nitrogen, might be affected if the sewage contains high level of
heavy metals. If the level of heavy metals in the wastewater is
high, the removal efficiency of inorganic nutrients of the algae
might be affected. In addition, the presence of heavy metals in
the sewage can potentially inhibit the microbe-mediated
ecological processes in the sewage treatment plant, such as
carbon fixation, nitrogen fixation and mineralization of carbon,
nitrogen, sulphur and phosphorus, etc. (Babich and Stotzky,
1985).
From the literature, most of the previous studies have
emphasized the toxic effects of heavy metals on the
physiological processes. of algae such as photosynthesis.
Information available at present seldom provide a view or
assessment on how the removal of inorganic nutrients of algae
might be affected during the operation.
Three heavy metals, chromium, copper and nickel were chosen
for this study because they are abundant in industrial
wastewater, especially that containing electroplating wastes.
6Among these three metals, only copper has received extensive
toxicological studies on algae. Moreover, all of these studies
were based on the significance of the trophic role of algae and
not on their effect in the wastewater treatment.
Chromium and nickel were also chosen for this study because
they are the major pollutants in industrial wastewater containing
electroplating wastes (Table 2), and there is insufficient
information about their toxicity to algae in the literatures.
7B. Literature review
1. Eutrophication and the need to upgrade sewage treatment
processes
Eutrophication is the enrichment of waters by nutrients and
the consequent deterioration of the quality of water due to the
luxuriant growth of plant life, and its repercussions on the
ecological balance of the waters affected (Yeoman et al., 1988).
As eutrophication advances, there is an abundance of algal
blooms, elimination of dissolved oxygen in the hypolimnion and
increases in the concentration of nutrients and other organic
compounds (Steel, 1971 Vollenweider, 1968). The depletion of
dissolved oxygen can cause the death of fish and other aquatic
organism (Hudson and Marson, 1970). Excess growth of some blue-
green algae produce compounds that have been implicated in the
poisoning of fish (Davies, 1980) and possibly even livestock
(Reynold, 1981).
In Hong Kong, excessive enrichment and eutrophication of
receiving waters by nutrient-rich wastewater has emerged as a
major water pollution problem. Recently the number of algal
blooms in Hong Kong water bodies has occurred more frequently.
Depletion of dissolved oxygen has damaged the local fish-rearing
industry. Unless measures are taken to control the situation,
overfertilization will continue to deteriorate water quality and
lower the economic value of fish-rearing industry and eventually
threaten human health.
One of the possible solutions of preventing overfertilization
by wastPwater is unaradina the sewage treatment processes to
8breakthrough the restrains constructed by traditional processes.
The removal of nitrogen and phosphorus compounds from wastewater
has received wide attention since 1960's. The discharge of these
pollutants is considered one of the major causes of
eutrophication. The degree of eutrophication and the severity of
subsequent water quality problems is largely dependent on the
supply of inorganic nitrogen and phosphorus. Eutrophication can
also be controlled by lowering the discharge of phosphorus and
nitrogen (Bogan et al., 1979 Taylor, 1967). Significant sources
of nitrogen and phosphorus enter the water bodies via drainage
from agriculture land, excreta from live stock, municipal and
industrial effluents, atmospheric deposition and diffuse urban
drainage (Lee et al., 1978).
2. Conventional sewage treatment processes
Conventional treatment processes do not remove phosphorus and
nitrogen effectively. For example trickling filter will remove
approximately 15% of influent phosphorus (Vacker et al., 1967)
while conventional activated sludge plant remove approximately
30 to 40% phosphorus (Nesbett, 1969). Therefore application of
advanced wastewater treatment techniques, either chemical of
biological, is required' to reduce phosphorus and nitrogen
discharges to eutrophic or potentially eutrophic water bodies.
A sewage treatment plant consist of primary treatment
(physical treatment) in which large particles such as grits and
coarse debris are removed by physical means such as screening.
The screened sewage then passes via flow measurement chambers
into primary sedimentation tanks. Most of the suspended particles
9are settled out and removed as primary sludge for further
treatment.
The settled sewage then enters aeration tanks in which
diffused air is fed continuously to provide essential oxygen to
sustain the life of micro-organisms in order to assimilate
organic pollutants in the sewage. The flow from the aeration
tanks passes to circular final settling tanks where activated
sludge is settled out. A controlled amount of this settled
activated sludge is returned to the aeration tanks for micro-
organisms regeneration. Treated effluent supernatant from the
final tanks is discharged to nearby sea or river.
Primary sludge from the primary sedimentation tanks is
thickened by gravity in consolidation tanks. At the same time,
surplus activated sludge from the final settling tanks is
thickened by gravity filtration process at aquabelt units. The
resulting thickened sludges are then pumped into anaerobic
digestion tanks which are fully enclosed and the temperature
inside these tanks is maintained at 35°C under anaerobic
conditions. In the anaerobic digestion tanks, the volatile
organic matter in the raw sludge is broken down by biological
reaction to produce a stable, inoffensive sludge and methane gas
is released as a by-product. The methane gas is collected and
stored in gas holders and is used as fuel to maintain the
temperature at 350C of digestion tanks, or to provide operating
electricity for the treatment plant.
The main target of conventional sewage treatment processes is
the reduction of biological oxygen demand (BOD). The final sewage
effluent still contains high concentrations of inorganic
18
phosphorus and nitrogen. Table 2 shows that more than 70% of the
total phosphorus and 40% of total nitrogen in raw sewage still
exist in the final effluent. Large volume of these effluents is
capable of causing serious eutrophication in water bodies with
low flushing dilution rate like Tolo Harbour.
In an attempt to improve the water quality, it is essential to
reduce phosphorus and nitrogen concentrations in the effluents of
sewage treatment plants. Since conventional biological wastewater
treatment does not remove enough phosphorus and nitrogen to
achieve these aims, other advance chemical, physical, or
biological treatment methods are needed.
3. Physical and chemical methods in removing inorganic
phosphorus and nitrogen from wastewater
i. Inorganic phosphorus removal
In general, the removal of inorganic phosphorus can be
achieved through precipitation by the addition of chemicals, such
as lime and iron(II) sulphate. Aluminium sulphate (alum) is
considered to be the best precipitant, followed by iron (III)
iron(II) and calcium (Convery, 1970 Lin and Carlson, 1975).
Lime is the most common calcium salt used for phosphorus
precipitation. Usually quicklime or almost pure calcium oxide is
used. The reaction to form hydroxyapatite is shown in the
equation:
+ 20H10Ca2 + 6PO3-4 Cal0 (P04) 6 (OH) 2
Yeoman et al. (1988) suggested that the precipitation of
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phosphorus usually occurs within pH range of 8 to 11. Merrill and
Jorden (1975) indicated that the retention times in treatment
plants were not long enough for pure crystalline of phosphorus
such as hydroxyapatite or tricalcium phosphate formation.
However, the presence of nucleating material allowed adequate
reaction times for precipitation. Stumm and Morgan (1970) found
that tricalcium phosphate was precipitated in the presence of
hydroxyapatite which is thermodynamically more stable, more
insoluble and more easily stabilized by Mg2+. Seeding of
nucleating material in any reaction system could increase
phosphorus removal due to increase in surface area and rate of
calcium phosphate crystal growth.
Seed crystals have been specifically used to remove phosphorus
in some systems (Joko, 1985 Merrill and Jorden, 1975). Lime
requirement is independent of phosphorus concentration, but is
directly related to the alkalinity of wastewater. As example
highly alkaline wastewater needs three times as much lime for
effective precipitation (Shannon, 1980).
Iron(III) ions are mainly responsible for phosphorus removal
and the salt most commonly used in wastewater treatment is
iron(III) chloride (Shannon, 1980).
Iron(III) ions form strong complexes with pyrophosphate and
tripolyphosphates which are then removed by adsorption onto
iron(III) hydroxo-phosphate surfaces (Jenkins et al., 1971).
Aluminium sulphate (alum) is also a commonly used chemical to
precipitate phosphate. The reaction of precipitation of phosphate
by alum is:
12
A12(S04)314H20+ 2PO43------ 2A1PO4+ 3SO42+ 14 H2O
The dosage of aluminium to precipitate phosphate depends upon the
concentrations of soluble phosphate and colloidal particles.
Formation of aluminium phosphate is thermodynamically and
kinetically favored over formation of aluminium hydroxide
(Jenkins et al.,, 1971). For effective removal of phosphate by
alum, the alkalinity of wastewater must be high enough to buffer
the aluminium sulphate. For the acidic wastewaters, the
alkalinity of wastewater must be adjusted before the addition of
alum to precipitate phosphate.
Addition of chemical precipitant increases sludge production
which may become a secondary problem. Boyko and Rupke (1976)
observed that the wet sludge volume increased by 35% and the
total sludge volume increased by 150% by addition of chemical
precipitant. Sutton et al. (1977) stated that the increase in the
volume of sludge would be between 23% to 35% when aluminium and
iron salts were used as the precipitants.
The changes of the properties of activated sludge as chemical
phosphorus removal processes is implemented, are due to the
inclusion of products of chemical reaction as well as increased
amount of solids. It was reported that the use of chemicals for
phosphorus precipitation could adversely affect anaerobic
digestion. The inhibition of anaerobic digestion is due to
toxicity of the chemicals added, high pH induced-by the addition
of chemicals and also, sulphate from the added precipitant acting
as an alternative electron acceptor and preventing true
anaerobic conditions (Dentel and Gossett, 1982). Also, calcium
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phosphate will redissolved due to lower pH (Jenkins et al.,
1971). Clesceri (1967) suggested that if Fe(III) is used as a
phosphate precipitant, the phosphorus containing sludge should
not be treated by anaerobic digestion, since phosphorus would be
released if Fe(III) is reduced to Fe(II) (Clesceri, 1967).
The ultimate disposal or treatment of chemically precipitated
sludge include incineration, agricultural utilization, landfill
and sea-dumping. Since Hong Kong has very limited space, the
disposal or treatment of sludge may cause other environmental
problems.
ii. Inorganic nitrogen removal
Many processes have been explored for the removal of oxidized
and non-oxidized forms of nitrogen from wastewater. Two commonly
used methods are air stripping of ammonia at high pH and removal
of nitrate or ammonia by ion-exchange.
a. Air Stripping
Ammonia stripping is a modified version of the aeration
process used for the removal of gases from water. Ammonium ion!
in wastewater exist in equilibrium with ammonia and hydrogei
ions.-
H+NH3NH4
At a pH above 10, over 85% of the ammonia may be liberated as gas
by agitating the wastewater in the presence of air. Farrel showed
that when pH is between, 10 and 11, excess hydroxyl ions convert
ammonium ion to ammonium hydroxide:
NH3OH+ NH3+ H2ONH4++ OH
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Bubbling air through ammonium hydroxide solution will remove
ammonia.
Reeves (1972) reported that in secondary wastewater treatment
processes, ammonia is converted to nitrate by nitrifying bacteria
in the presence of oxygen.
b. Ion Exchange
Ion exchange has been used for many years in water treatment
for water softening and boiler water conditioning. It is a
process in which ions of a given species are displaced from an
insoluble exchange material by ions of different species in
solution.
For example, nitrate ion can be removed by contact with an
anion exchange resin and the ammonium ion can be removed by
contact with a cation exchange resin. The chemistry of the ion
exchange process can be represented by the anion exchange
equation:
Cl+ R-N03V03+ R-Cl
Reeves (1972) reported that chloride ion (C1), in common salt
is used because it is a economical regenerant for anionic resins.
4. Biological methods in removing inorganic pnospnoru5
and nitrogen in wastewater
Comparing to chemical methods used to remove inorganic
nitrogen and phosphorus, biological methods are becoming more
popular because it does not create the secondary problems such as
secondary sludge disposal. In addition, the systems involved in
15
biological methods are more economical, more stable, and require
lower capital and operational costs. These advantages made the
biological methods more feasible to be used for removing
inorganic phosphorus and nitrogen from the secondarily treated
wastewater (Oswald, 1957 Somiya et al., 1988 Tetreault et al.,
1986).
The use of biological treatments to remove phosphorus is well
documented. The treatment depends on the process and operating
conditions involve different combinations of microbial growth,
precipitation and adsorption.
Common examples are trickling filter and activated sludge
processes. Phosphorus removal efficiency in trickling filters
have been reported to be around 30% (Stones, 1982). Ademoroti
(1985) even reported a 90% removal of phosphorus by trickling
filtration in conjunction with chemical treatment. Lagooning,
oxidation ditches and stabilization ponds, used in conjunction
with chemical treatment can also effectively remove the dissolved
phosphorus in effluent.
Narasiah et al. (1987) suggested that aerated lagoon without
addition of chemicals can remove 38% of influent soluble
orthophosphate and total phosphate respectively. Wang et al.
(1984) reported a low and variable phosphorus removal at 0% to
30% by rotatory biological contactors. Bunch (1977) reported that
30% to 50% influent phosphorus removal by activated sludge
treatment. He also found that tertiary treatment using algal
culture of Scenedesmus obliciuis at a high cell concentration of
2.6 gram dry weight per litre yielded phosphorus removal could be
as high as 75%.
16
Improving the design of the secondary wastewater treatment,
such as dividing a conventional biological reactor into
anaerobic, anoxic and aerobic zones which were necessary to
remove organic matter, nitrogen and phosphorus, enhanced nitrogen
and phosphorus removal with minimal cost increase (Daigger et
al., 1988).
Maiti et al., (1988) suggested a practical nutrient removal
system by using activated algae in oxidation ditch. The removal
of Chemical Oxygen Demand (COD) reached 96% and removal of both
phosphorus and nitrogen was 67% to 96% in that nutrient removal
system. The main advantage of the system was that symbiotic
relationship between algae and bacteria could be maintained while
the phosphorus and nitrogen could be efficiently removed.
Chevalier and de la Noue (1985) used immobilized microalgae in
kappa-carrageenan bead to remove ammonium and orthophosphate. He
found that such system efficiently remove phosphorus and nitrogen
and is suitable to serve as a tertiary sewage treatment. The
phosphate and ammonium uptake rate of the system was 0.186 and
3.4 umole/min, respectively, at algal concentration 3.29 gm dry-
weight/litre.
Greer and Ziebell (1972) investigated the feasibility of
different biological systems in removing orthophosphate. They
studied the algal system, algal-clam system, algal-Tilapia system
and duckweed-water-celery system, and reported- that algal, or
algal conjugated systems are satisfactory in the removal of
influent orthophosphate. In addition, the algal system could
tolerate elevated pH caused by carbon dioxide removal in the
17
system
CO2+ H2O H2CO3 HC03+ H CO32+ 2H+
XCO3+ OH
The precipitation rate of orthophosphate to hydroxy-apatite of
the system was enhanced by such a high pH.
10Ca2++ 6PO43+ 20H Ca10 (PO4) 6 (OH) 2 Ksp=1 X 10+114
Greer and Ziebell (1972) searched for the best organism or
biological system to remove inorganic nutrients from wastewater.
Good systems are characterized by high filterability. Hashimoto
and Furukawa (1989) studied a filamentous algal system,
Oscillatoria, and reported that apart from its high removal
efficiency, the algal system also has excellent filterability and
amino acid composition which made it a good protein source for
animal feed.
The most common biological method to remove inorganic nitrogen
from wastewater is probably the combination of nitrification and
denitrification processes. The processes consists of oxidizing
all ammonia to nitrates (nitrification) accompanied with nitrate
reduction to nitrogen gas (denitrification) which is then
released to the atmosphere. The processes could give
satisfactory nitrogen removal efficiency only when both
nitrification and denitrification are under strict control.
Nitrification is an aerobic process which. occurs in two
stages. Ammonia is first oxidized to nitrites and then nitrite is
further oxidized to nitrates. Chemo-autotrophic bacteria like
Nitrosomonas, Nitrosococcus, Nitrosospira, and Nitrosocystis use
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carbon dioxide as a source of carbon and obtain energy by
oxidizing inorganic nitrogen.
NO 2+ 2H++ H2ONHd++ 1.5 0
NO3NO2+ 0.5 02
Denitrification is an anaerobic process. Denitrifying
organisms like Pseudomonas, Achromobacter and Micrococcus, in the
absence of free oxygen, are capable of denitrifying nitrates to
give nitrogen gas.
5CO2+ 2N2+ 7H204NO3+ 4H++ 5CH20
The nitrifying-denitrifying processes has been applied in almost
all of wastewater treatment systems (McCarty and Haug, 1971) and
even in water supply system (Dahab and Lee, 1988).
Another category of biological nitrogen removal was a
combined aquaculture system (Greer and Ziebell, 1972 Goldman et
al., 1974 Huguenin and Ryther, 1974). These systems are capable
of removing other influent nutrient apart from nitrogen. Goldman
et al. (1974) reported a 95% total nitrogen removal and 60%
phosphate removal by a mixed aquacultural system consisting
marine algae, oyster and seaweed. However, this kind of system
emphasizes on the design and the operation of an artificial food
chain, and seems not applicable in large scale (Gordon et al.,
1982).
Algal system, among all biological systems mentioned, is
probably the most common way to remove sewage nutrients, and as a
consequence has been studied most intensively.
Witt and Borchardt (1960) reported that 23 ppm total nitrogen
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and 8 ppm phosphate are removal by a mixed culture of Chlorella
and Scenedesmus at a 30 hour detention time. The nutrient removal
efficiency of the culture was temperature, light intensity and
culture density dependent.
Chan et al. (1979) reported a 98% nitrate removal and a 98%
phosphorus removal efficiency from sewage effluent by Chlorella
salina. Hemens and Mason (1968) reported a 90% removal
efficiency in both phosphorus and nitrogen by using algal system.
In a secondary-tertiary system developed by McGritt et
al.(1971), bacteria oxidized organic matters to carbon dioxide,
ammonia phosphate and water which are then used by the algae to
produce new algal cells. It resembled an algal-bacterial
symbiotic relationship as a means of wastewater treatment and
nutrient removal. The cell mass of the system was then removed
from wastewater by bio-flocculation.
In the present study, the feasibility of algal system in
removing inorganic nitrogen and phosphorus of wastewater is
studied. The advantage of choosing algal system in the study,
apart from its efficient inorganic nitrogen and phosphorus
removal, includes the following the biological nature of algae:
1. The secondarily treated sewage effluent is often carbon source
limited, but normal algal growth can still be maintained
due to the ability of algae to fix carbon dioxide,
2. Algal cells, which is a good protein .source, can be
harvested and used as an animal feed after the processes
(McGarry et al., 1972), and
3. Algal system is a comparatively simple biological system
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that can be simulated in laboratory models for further
field application.
Most of the conventional wastewater treatment processes have
targeted on municipal wastewater which are mostly from a domestic
origin. Domestic wastewater is generally characterized by a high
BOD content and contains very small amount of heavy metals. But
in Hong Kong, some of the sewage treatment plants may receive
industrial wastewater which contains a significant amount of
heavy metals. Table 3 shows the average concentrations of heavy
metals in the secondary treated effluent of a wastewater
treatment plant in Hong Kong. Heavy metals such as copper, nickel
and chromium are common in industrial effluent. As a
consequence, their effects on inorganic nitrogen and phosphate
removal by algae must be investigated. The main purpose of the
present study was to investigate how the algal system, which is
employed as a biological mean to utilize the influent soluble
phosphorus and nitrogen, may be affected by exposure to low
concentrations of heavy metals over long period of time.
5. Effects of heavy metal on algae
The pattern of interaction between algae and toxic metals may
vary with the species of algae and the metal used (Sundra and
Gilland, 1976). A lot of relevant investigations have been
conducted- during the past three decades. Most of these
investigations have demonstrated that the adverse effects of
metal toxicants. are on cell division, growth and photosynthetic
processes of species of Chlorophyta. As example, cadmium at
concentration of 0.25 mg/L inhibited the growth rate of
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logarithmically growing cultures of Chlorella pyrenoidosa (Hart
and Scaife, 1977 Hart et al., 1979). In another experiment, the
addition of Zn2+ at 0.5 pM or higher concentration affected the
growth of the green alga Selenastrum adversely, although Zn2+ is
an essential micronutrient to algae. Growth rate of the algae
decreased from about two doublings per day to less than one.
Similarly, cell density at stationary phase of growth decreased
several folds following Zn2+ addition. Extended lag phase up to
eight days has also been observed (Kuwabara et al., 1986).
Rosko and Rachlin (1977) reported that cadmium at 0.06 mg/L or
copper at 0.18 mg/ L depressed cell division of Chlorella vulgaris
by 50%.
Laube et al. (1980) reported that copper inhibited the growth
of the cyanobacterium- Anabaena sp. 7120. As expected, copper
extended the lag phase of the algal culture. In that study, lysis
of algal cells of culture in the log phase of growth was observed
when 10-4 M of copper was introduced, and growth never resumed.
At lower concentration of copper, lysis of algal cells occurred,
but growth resumed later on. Laube et al.(1980) explained that
cell lysis might cause in the release of metal-binding substances
which in turn reduced the amount of free copper in the growth
medium and triggered cell growth. In addition, he found that 46%
to 50% of the copper became cell associated right after the
addition of copper. The toxicity of copper did-not reduce even
with the addition of chelators such as nitrilotriacetic acetic
(NTA). This results suggested that copper acted on this alga not
only in the ionic form.
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The effect of copper on Chlorella pyrenoidosa was similar to
that on the diatom, Nitzschia palea (Nielsen et al., 1969
Nielsen and Kamp-Nielsen, 1970 Nielsen and Wium-Andersen, 1971).
However, low concentrations of copper influenced the rate of
photosynthesis considerably more in diatom than in green alga,
whereas the opposite was the case concerning the growth of these
algae. Nielsen and Kamp-Nielsen (1970) explained that this was a
consequence of excretion of organic matters by the diatom in the
presence of copper but not in the green algae. Some of the
excreted organic matters might bind with copper and thus reduced
the toxicity towards algal growth.
Similar experiment in the blue green algae was performed by
Fogg and Westlake (1955). Anabaena cylindrica released
polypeptides capable of binding copper with and reducing its
toxic effect. Similar results were observed by comparing the
effect of nickel on several freshwater algae (Spencer, 1980
Spencer and Greene, 1981 Spencer and Nichols, 1983). Field
measurement of 14C fixation suggested that blue green algae are
more tolerant to increased nickel levels than are species of
green algae.
6. Toxicity mechanisms of heavy metals on algae
Heavy metals are well established inhibitors of enzymes. For
instance, copper binds strongly to the sulfhydryl groups of
proteins and catalyze the oxidation of the sulfhydryl groups to
form the disulphide bridges (Gurd and Wilcox, 1956 Nicholas et
al., 1981).
Pigment destruction is also a distinctive toxic effect
23
induced by copper (Gross et al., 1970). The destruction showed a
biphasic change in absorbance of the pigment at 480 nm. First
arise in absorption of the pigment for several minutes in the
presence of copper, followed by a reduction which continued until
cells were nearly colourless. This decolourization could be
prevented by N2 or by application of an antioxidant. Gross et al.
(1970) also reported that, after the introduction of copper, the
alga gave a rise in absorbance which was accompanied by a drop in
packed cell volume. The mechanism of the action of copper may be
influenced by the structure of the cell. The first event of cell
damage was the rupture of membrane barrier. However, introduction
of glutathione (GSH) can neutralize the toxic action of copper
before it reachs the cell membrane.
Cedeno-Maldonado and Swader (1974) reported that copper ion
had its toxic effects on Chlorella sp. only when most of the non-
inhibitory sites on the cell walls were already occupied by
copper ions. Otherwise, no free copper ion could reach the
inhibitory sites and exert its toxic actions. This results
explained why low concentrations of copper were not inhibitory
and also, time lag was observed for the metal to develop a
detectable inhibitory effect. For Chlorella sp., the effects of
copper were more toxic to photosynthesis than to respiration.
However, when the effects of copper on photosystem I and
photosystem II were determined separately using isolated
chloroplast, photosystem I was more resistant to copper
inhibition than photosystem II (Cedeno-Maldonado and Swader,
1972). Similar result was reported by Assche and Clijsters
(1986). Photosystem II was more sensitive to Zn than photosystem
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I in the dwarf bean, Phaseolus vulgaris (Assche and Clijsters,
1986). Bicarbonate concentration of the assay medium greatlj
influenced the toxic effect of copper.
The effects of heavy metals on the ultrastructure of the alga
Anabaena sp. 7120 and Ankistrodesmus braunii were investigated b
Massalsk et al.(1981). Exposure to increasing amount of coppez
caused the occurrence of larger number of electron-dense cells
whose organelles were less defined than healthy untreated
cells. The affected cells became distorted and some had a
corrugated appearance. Heterocysts were found after cell lysed
and the heterocysts were often empty or had a collapsed
appearance.
In another study, Kumar et al. (1986) reported that copper
affected the activity of nitrogenase production in the
cyanobacterium, Nostoc linckia. This is important since nitrogen
fixation is the rate limiting step in nitrogen cycle in fresh
water. Kumar et al. (1985) further explained that the inhibition
of nitrogen is due to the binding of copper to sulfhydryl groups
of an activated enzyme which could denature nitrogenase as well
as other enzymes associated with photosynthetic carbon dioxide
fixation. In addition, copper itself also inhibited the activity
of glutamine synthetase, which is a key enzyme in ammonia
assimilation in cyanobacteria N. calcicola (Singh and Yadava,
1984 Singh et al., 1987). On the other hand, another heavy
metal, nickel, was found to be stimulatory to cell growth,
heterocyst differentiation, 14C02 uptake and nitrogenase activity
in Nostoc muscorum (Ral and Raizda, 1986). As for cadmium,
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Overnell (1975) reported that light-induced oxygen evolution of
the alga, Chlamydomonas reinhartii was sensitive to cadmium ion.
However, this ion has almost no effect on the Hill reaction and
the Modified Mehler reaction. These results indicated that
cadmium did not affect electron transport except on the light-
induced oxygen evolution level (Overnell, 1975).
7. Factors affecting the toxicity of heavy metals on algae
Fogg and Westlake (1955) suggested that the presence of the
chelating agent EDTA (ethylenediaminetetraacetic acid) reduced
copper toxicity to Anabaena cylindrica. Addition of algal
extracellular materials to the medium had a similar effect in
reducing the toxicity of copper.
Nielsen and Kamp-Nielsen (1970) reported that copper in ionic
form is most toxic to photosynthesis and growth of Chlorella
pyrenoidosa. The effect of water hardness to metal toxicity has
also been studied. Herbert (1965) reported that heavy metals
were more toxic in soft water than in hard water.
Nielsen and Kamp-Nielsen (1970) observed that copper ion
toxicity in Chlorella sp. decreased in high cell concentrations.
This could be explained by the binding of metals to cell calls
and slime envelops. Ral et al. (1981) reported that inorganic
phosphate (K2PO4) reduced metal toxicity. They found that an
increase amount of phosphate in culture medium containing
sublethal concentrations of heavy metals generally caused gradual
decrease in metal toxicity.
Metal speciation is also an important factor to be considered.
Metal toxicity is highly pH dependent (Peterson et al., 1984
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Peterson and Healey, 1985). The toxicity of cadmium to
Scenedesmus quadricauda increased strongly with increasing pH
over the range 5.5-8.5, in which hydrated cadmium Cd2+ dominated
the dissolved cadmium pool. Similar phenomenon was observed with
copper. Variation in metal toxicity with pH appears to be
competition between H+ ion and free metal cations for cellular
binding sites.
Besides growth, heavy metal affect the physiology of algae.
McCarthy and Reuter (1979) reported that C14 fixation in a marine
blue-green alga, Oscillatoria theibautii, was reduced in response
to copper. Again the toxicity can be reduced if Tris were added
as chelators.
In another experiment, Falkowski and Lewandowska (1988)
suggested that amino acids, peptides and proteins, which are
abundant in marine environment, apart from artificial chelators,
can affect detoxification of heavy metal. This postulation was
first made by Jones (1970) who reported that amino acids can
form complexes with ions of heavy metals in the marine
environment. Among several heavy metals being studied, copper was
the most sensitive to the presence of particular amino acids in
algal culture. These results indicate that, some factors in the
environment, either abiotic or biotic, can interact with heavy
metal ion and change their biological properties, which can
result in ecological consequences.
As a conclusion, the presence of heavy metal can affect algal
cells in many aspects. However, the degree of inhibition and mode
of action depend very much on the species of heavy metal and
algae. In addition, other environmental factors should also be
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taken into account. Thus, for algal system to be introduced as a
mean to remove effluent nitrogen and phosphorus in the upgrading
wastewater treatment processes, assessment of the effect of heavy
metal on the removal efficiency of inorganic phosphorus and
nitrogen is essential before large scale outdoor application. The
main objective of the present study is to assess what and how the





1. Preparation of culture media
i. Modified Complete Medium
Algal cultures were kept in Modified Complete Medium (MCM)
(Table 3a) (Wong, 1979).
ii. Secondary treated sewage effluent
The secondary treated sewage effluent (SE) was collected from
a sedimentation tank of a local wastewater treatment plant, and
was filtered with Whatman no.1 filter before used for experiment.
To study the effects of sublethal concentrations of heavy
metals or heavy metals on the inorganic nutrients removal
efficiency, MCM diluted twenty times to achieve inorganic
nitrogen and phosphorus composition similar to that of SE (Table
3b) was used.
2. Measurement of growth
Absorbance of algal cultures was measured with a Bausch Lomb
Spectronic 20D spectrophotometer at wavelength of 680 nm. Growth
rate was determined by computing the slope of the growth curve in
log phase.
In O.D.2-ln O.D.1= k(t2-tl)
where k= instantaneous growzn race
t2, t1= incubation time 2 and 1, respectively
Cell yield was determined by measuring the rinai aAsorDance of
the algal culture
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10 ml*Trace elements (100X)
Distilled water 990 ml
pH is adjusted to 6.8
*Trace elements stock (100X)
540 mgEDTA.Na2
500 mgFeC13.6H20







Diluted to 1 litre with distilled water
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Table 3b. Comparison between inorganic nitrogen and phosphorus
content in one-twentieth of MCM and in sewage effluent
NH -N NO -N PO -P
1/20 MCM
3-5 ppm
5-9 ppm 3.5-4.5 ppm
3-5.6 ppm9-13 ppm0.9-9.4 ppsewage effluent
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3. Isolation of algaea
Algal colonies was isolated from the returning sludge of a
local sewage treatment plant. The isolation process was as
follows: the returning sludge was serially diluted with 0.9ml
sterilized 0.9% saline. O.lml of the diluted sample was plated on
MCM agar plates and incubated in a light chamber at 22-25°C with
a light-dark cycle of 16:8 and illumination at 6,000 lux by four
cool white fluorescent lamps (Wong, 1979). Successfully isolated
colonies were streaked progressively onto MCM plates to keep the
algal stock culture.
4. Selection of algal strainsa
In order to select the most suitable algal strains that meets
the criteria for phytotoxicity study, five isolated algal species
were used for initial screening by determining their growth rates
and yields in SE.
a: The isolation and preliminary characterization of Chlorella
sp. RS were carried out by P.K. Wong in 1986. The methods of
Isolation of algal strain and Selection of algal strain
according to the previous study (Wong, unpublished results)
are included in the section of MATERIALS AND METHODS of this
thesis.
Twenty-fold diluted MCM and undiluted SE were used as growth
media. Two ml of exponentially growing algal culture in twenty-
fold diluted MCM was inoculated into 198 ml of each medium in a
one-litre Erlenmyer flask. The cultures were incubated according
to method described in Wong (1979).
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5. Maintenance of algal cultures
The cultures were incubated according to method of Wong
(1979). 5% (V:V) inoculum of exponentially growing algal cells
were inoculated to 190 ml MCM in Erlenmyer flasks. The volume of
the growth medium did not exceed two-fifths that of the flask to
insure adequate light penetration and aeration. All steps were
carried out under aseptic conditions.
6. Heterotrophic growth of the isolated alga
To further characterize the alga Chlorella sp. RS isolated
previously (Wong, unpublished results), its ability to utilise
organic carbon sources under the dark condition of the alga was
also studied. 0.1% of various types of carbon source: formate,
galactose, lactose, glucose, acetate, glycerol, fructose or
sucrose was added to MCM as alternative carbon for the algae.
Algal growth was monitored by measuring changes in absorbance at
680 nm. Algae were incubated at complete darkness. Algae grown
with or without light in MCM without added carbon source were
also included as references.
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B. Effects of heavy metals on the removal of inorganic phosphorus
and nitrogen, growth and photosynthesis of Chlorella sp. RS
1. Glasswares
Glasswares used for stock cultures and toxicity tests were
soaked for at least 24 hours in 5% nitric acid, rinsed ten times
with glass-distilled water, dried in an 55°C oven and stored in a
dust-free room. When a toxicity test was completed, the algal
cultures, were sterilized and disposed. All glasswares were
treated as mentioned above to avoid carry-over of toxicant from
previous experiments.
2. Solutions of heavy metals
Chromium, copper and nickel were the three toxicants tested in
the present study. They were added to the algal culture either
individually or in combinations.
The objective of the present study is to evaluate any possible
impact from heavy metals present in the sewage effluent on the
algal system is employed to remove the inorganic nutrients. In
order to build up a similar situation of an ordinary sewage
treatment plant, the concentration of heavy metals used during
the study always fell within the mean concentration of heavy
metals in the final effluent of a local sewage treatment plant,
namely, chromium, 0.3 ppm copper, 0.3 ppm and nickel, 0.1 ppm.
For the experiments, 10 part per thousand heavy metal (CuC12,
NiCl,) and K.,CrOA) stock solutions were used.
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3. Effects of sublethal dosages of heavy metals on the removal of
inorganic phosphorus and nitrogen of Chlorella sp. RS
The effects of heavy metal on the removal capacity of three
inorganic nutrients, namely, ammonium, nitrate and phosphate by
the alga, were studied. The concentrations of NO3-N, PO3--P and
NH4-N in the culture medium were determined every four days by
chemical methods.
After removing the algal cells, the concentrations of
inorganic phosphorus and nitrogen in culture medium were
determined. PO3--P was measured using ammonium molydate and SnC12
reagents NH4-N was measured using Nessler reagent method, and
N03-N was measured using brucine method (American Public Health
Association, 1985). The nutrient removal capacity of the algal
cells was estimated from the difference of initial and final
concentrations of that nutrient.
4. Effects of sublethal dosages of heavy metals on growth of
Chlorella sp. RS
5% (V:V) inoculum of exponentially growing algal cells were
inoculated into a one-litre Erlenmyer flask containing 380ml of
one-twentieth-diluted of MCM. Heavy metal was added prior to the
addition of algal cells. At intervals of time, culture samples
were taken out aseptically to measure growth performance.
Absorbances of algal cultures were determined by
spectrophotometric method at wavelength of 680nm. Algal samples
were also taken to study their morphology under a light
microscope.
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5. Effects of sublethal dosages of heavy metals on the apparent
photosynthetic rate of Chlorella sp. RS
The apparent photosynthetic rates of algal cell grown in the
presence of various concentrations of different heavy metals were
determined every three days. The apparent photosynthetic rate was
measured by determination of total amount of gas (oxygen) evolved
per unit time with a Gilson differential respirometer at
temperature 22°-25°C with light intensity 5,000 lux and shaking
at 54 rpm per minute. 20ml of algal culture was centrifuged at
7000 rpm for 30 minutes in a Sorvall model 5C superspeed
centrifuge with a SS34 rotor. All centrifuge tubes used were
sterilized. The pellet was washed with bicarbonate-carbonate
buffer and centrifuged again. The bicarbonate-carbonate buffer
was prepared by mixing 4.284 gm of NaHCO3 dissolved in 510 ml
distilled water with 0.9539 gm of Na2CO3 dissolved in 90 ml
distilled water. The pH of the solution was adjusted to 9.08 and
sterilized. The pellet formed was resuspended in 5 ml of
bicarbonate-carbonate buffer and transferred to an active flask.
All active flasks were sterilized by dried heat at 200°C for
at least 2 hours after being thoroughly rinsed with acetone. One
pleated sterilized filter paper strip was added to each central
well containing 0.5m1 20% KOH. The function of KOH was to absorb
any carbon dioxide formed during the reaction, so that any gas
evolved might be regarded as oxygen.
A reference flask containing calculated amount of sterilized
distilled water was included in each test to equilibrate the
temperature of the water bath and that inside each active flask.
The amount of distilled water was calculated by the formula:
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270-n(20-v) where
n: total active flask used
v: volume of sample in each flask
Cell free buffer was also included for each test as a
thermobarometric control. All test were performed in duplicate.
After equilibrated for 20 minutes the operating valve was
closed and the amount of oxygen released was measured for 60
minutes. The amount of oxygen released per unit time was
expressed as:
(Original reading- final reading- thermobarometric control
reading) per ml of culture per hour.
For the specific photosynthetic rate, the amount of oxygen
released per algal cell per unit time was noted.
6. Metal-metal interaction tests
Two heavy metals were applied jointly. The 50% inhibition
concentration for each individual heavy metal was calculated
first. Then, the two metals were applied jointly such that within
one group of experiment the concentration of one heavy metal
was fixed (average concentration of that in sewage) while the
concentration of the other metal was adjusted around the range of
50% inhibition if it was applied singly. All tests were run in
triplicate and control (without any heavy metal) -were included.
Set 1: Nickel concentration fixed at 0.3 ppm
Chromium concentration at 0.1, 0.25, 0.5 or 0.75 ppm
Set 2: Nickel concentration fixed at 0.3 ppm
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Copper concentration at 0.05, 0.1, 0.25 or 0.5ppm
Set 3: Chromium concentration fixed at 0.1 ppm
Nickel concentration at 0.1, 0.25, 0.5 or 0.75 ppm
Set 4: Chromium concentration fixed at 0.1 ppm
Copper concentration at 0.05. 0.1, 0.25 or 0.5 ppm
Set 5: Copper concentration fixed at 0.1 ppm
Chromium concentration at 0.1, 0.25, 0.5 or 0.75 ppm
Set 6: Copper concentration fixed at 0.1 ppm
Nickel concentration at 0.1, 0.25, 0.5 or 0.75 ppm
Set 7: Three metals together: nickel at 0.3 ppm, chromium
at 0.1 ppm and copper at 0.1 ppm
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RESULTS
A. Selection of algal strain
In the previous study, four laboratory algal strains
Chlamydomonas reinhardtii(+) and Chlorella pyrenoidosa 252
obtained from Indiana University culture collection, Coelastru
microsporum 280 obtained from Dr. K. Y. Chan and Scenedesmu
guadricauda obtained from Dr. F. R. Trainor and one naturall
isolated algal strain, Chlorella sp. RS were included. Growt
rate and yield, which were the two most important criteria fo:
selecting a suitable algal strain for this experiment, wer(
measured.
Table 4 shows that Chlamydomonas reinhardtii(+) had the
highest growth rate (8.64 X 10-2), but the yield wa:
comparatively low (0.101). Scenedesmus ctuadricauda had the
highest yield (0.205), but the growth rate was comparatively lo'0
(2.6 X 10-2). In contrast, Chlorella sp. RS showed both higr
growth rate (6.03 X 10-2) and high yield (0.151). This result is
not surprising because Chlorella sp. RS was originally isolated
from the activated sludge of a sewage treatment plant, and thus
was likely to be able to adapt to the chemical composition of
sewage effluent (Wong, unpublished results). Therefore,
Chlorella sp. RS was used the algal strain for the present
study. The removal efficiencies of inorganic nitrogen and
phosphorus from the secondarily treated sewage effluent of the
alga were, as mentioned in the INTRODUCTION section, 50-90% for
NH4-N, 50-80% for NO3-N, and 10-20% for P04 -P (Wong, unpublished
results)-
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Table 4. Growth rate and yield of five algal strains grown on
secondarily-treated sewage effluent (SE) from a local
sewage treatment plant.
Yield












B. Heterotrophic growth of Chlorella sp. RS.
From Figure 1, it is clear that Chlorella sp. RS. can utilize
a number of carbon sources for heterotrophic growth. The algal
cultures were grown in MCM supplemented with different carbon
sources. All treatments were grown in complete darkness. The
results were compared with two controls: 1. algae grown in dark
with MCM. 2. algae grown in light with MCM. From their growth
curves, it is observed that Chlorella sp. RS maintained in dark
with MCM had no growth. However, the algal culture could still
grow effectively if it was supplied with other organic carbon
sources. Among carbon sources tested, glucose, acetate and
galactose gave the best cell growth. This result was in accord
with that reported by Samejima and Myers (1958). When placed in a
harsh environment like sewage effluent, Chlorella sp. RS showed
good adaptability which suggest that it is an ideal strain to be
employed in the upgrading of sewage treatment processes. Since
the selected alga can efficiently utilise organic carbon source,
which is one of distinctive properties of Chlorella sp., the term
Chlorella sp. RS was used throughout the thesis in which RS



















Figure 1. Heterotrophic growth of Chlorella sp. RS in different
media. 0.1% of different carbon sources were used with
MCM dark and MCM light as two controls. Each point
represent the average of two replicates. Algal cells
grown in the supplements of formate, lactose, glycerol
and fructose had no growth like those maintained in
dark without any carbon source added. Their growth





C. Effects of heavy metals on the removal of inorganic nutrients
by Chlorella sp. RS
1. Inorganic nitrogen
Figure 2 shows the effect of copper on removal of NH4-N by
Chlorella sp. RS. The control culture (i.e. no heavy metal)
removed more than 55% of ammonium in the culture medium. Algal
cultures with 0.lppm and 0.25ppm of copper only removed 48% and
42%, respectively of ammonium in the culture medium. Cultures
treated with 0.5ppm and 0.75ppm of copper removed less than 10%
of the original ammonium during the first seven days. Moreover,
it was observed that these algal culture released a considerable
amount of ammonium after seven days.
From Table 5, it is observed that more than 15% of ammonium
was released from the algal cells into the medium at the end of
the experiment for cultures having higher concentrations (0.5 and
0.75 ppm) of copper.
Figure 3 and Table 6 show that the removal of nitrate
was inhibited by the presence of copper. At copper concentration
higher than 0.5ppm, an increase of nitrate in the medium was
observed during the first few days.
Figure 4 shows that different amount of ammonium was released
during the first four days .of the experiment. The amount of
ammonium released was chromium-concentration dependent.
Figure 4 and Table 7 show that a large amount of ammonium was
released into the-medium at concentration of chromium equal to or
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Figure 2. Effect of copper on the removal of NH4-N by Chlorella
sp. RS. Each data point represents the average value±
standard deviation of three replicates. Concentrations
of copper were in ppm (mg/L). Standard deviation less






Table 5. Changes of NH4-N concentration in the medium of the
algal culture treated with different concentrations of
a
copper.







a: changes of NH4-N concentration were measured at different
durations in the experiment. "-" value means NH4-N being
removed and a "+" value indicates that NH4-N was released into
the medium.
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Figure 3. Effect of copper on the removal of NO3-N by Chlorella
sp. RS. Each data point represents the average value.+
standard deviation of triplicate samples.
Concentrations of copper were in ppm (mg/L). Standard






Table 6. Changes of N03-N concentration in the medium of the
algal culture treated with different concentrations of
a
copper.







a: changes of N03-N concentration were measured at different
durations in the experiment. A"-" value means N03-N being
removed and a"+" value indicates that N03-N was released into
the medium.
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Figure 4. Effect of chromium on the removal of NH4-N by
Chlorella sp.. RS. Each data point represents the
average value+ standard deviation of triplicate
samples. Concentrations of chromium were in ppm
(mg/ L). Standard deviation less than 1% cannot be






Table 7. Changes of NH4-N concentration in the medium of the
algal culture treated with different concentrations of
chromiuma.
Changes of NH4-N(%) in medium






a: changes of NH4-N concentration were measured at different
durations in the experiment. A- value means NH4-N being
removed and a +11 value indicates that NH4-N was released
into the medium.
b: concentrations of chromium are in ppm (mg/L).
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Figure 5 and Table 8 shows the change of N03-N with the
same treatment of chromium. When comparing these two tables, it
is not difficult to find that during the first four days of
experiment, the algal cells utilized N03-N as potential nitrogen
source and at the same time releasing NH4-N into the medium.
Results also show that during the first four days, the
removal of N03-N in the medium was not strongly affected by the
presence of chromium except at concentration of ippm. During this
time a large amount of NH4-N was released into the medium, then
inhibition on NO3-N removal started to occur. At the end of the
experiment, inhibition on the removal of N03-N became more
obvious.
Figure 6 and Table 9 show the change of NH4-N in media
containing different concentrations of nickel. During the first
four days, the removal of NH4-N in the medium was significantly
inhibited. Moreover, a considerable amount (27.47%) of NH4-N was
released into the medium in the presence of ippm of nickel.
However, the algal cultures started to resume NH4-N removal after
4 days. Figure 7 and Table 10 show the effects of nickel on
N03-N removal of the alga. All samples including control released
11-20% of N03-N during the first four days. However, algal
culture treated with ippm nickel released a large amount of N03-N
(31.46%), then the algal cultures resumed the removal capacity of
NO3-N removal. Cultures treated with 0.25 and 0.5ppm of nickel
had a smaller NO3-N removal capacity compared to control culture.
However, it is worth noting that culture treated with ippm of
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Figure 5. Effect of chromium on the removal of N03-N by
Chlorella sp. RS. Each data point represents the
average value+ standard deviation of triplicate
samples. Concentrations of chromium were in ppm (mg/L).







Table 8. Changes of N03-N concentration in the medium of the
algal culture treated with different concentrations of
chromiuma.







a: changes of N03-N concentration were measured at different
durations in the experiment. A- value means N03-N being
removed and a+ value indicates that N03-N was released
into the medium.
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Figure 6. Effect of nickel on the removal of NH4-N by
Chlorella sp. RS. Each data point represents the
average value+ standard deviation of triplicate
samples. Concentrations of nickel were in ppm (mg/L).







Table 9. Changes of NH4-N concentration in the medium of the
algal culture treated with different concentrations of
nickela.








a: changes of NH4-N concentration were measured at different
durations in the experiment."-" value means NH4-N being
removed and "+" value indicates that NH4-N was released
into the medium.
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Figure 7. Effect of nickel on the removal or NU3-N by
Chlorella sp. RS. Each data point represents the
average value+ standard deviation of triplicate
samples. Concentrations of nickel were in ppm (mg/L).






Table 10. Changes of N03-N concentration in the medium of the
algal culture treated with different concentrations of
nickela.







a: changes of NO3-N concentration were measured at different
durations in the experiment. "-" value means N03-N being
removed and "+" value indicates that NO3-N was released
into the medium.
b: concentrations of nickel are in ppm (mg/L).
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days but had the highest N03-N removal capacity.
The combined effect of heavy metals on algae was also
included in this study. Copper appeared to be the most toxic
among the metals (Cr and Ni) being studied. The presence of
copper, whether applied singly or jointly with other heavy metal,
showed an obvious inhibitory effect on the removal of nutrients.
Tables 11 and 12 show the combined effect of copper and
chromium on the removal of inorganic nitrogen from the growth
medium. These results are also presented diagrammatically in
Figure 8 and Figure 9. Again, the removal of inorganic nitrogen
was affected by the presence of copper and chromium.
During the first five days, nitrate was removed from the
medium for concentrations of chromium equal to or less than
0.25ppm. However, the treated algal cultures started to release
inorganic nitrate into the medium after 5 days. For concentration
of chromium equal to or more than 0.5ppm, the algal cells
released nitrate at the beginning of the experiment. On the other
hand, all of the culture were capable of removing inorganic
ammonium from the medium during the first five days. However, the
degree of inorganic ammonium removal varied according to the
concentration of chromium.
Tables 13 and 14 show the removal of inorganic nitrogen
(NH4-N and NO3-N) in the presence of various combinations of
copper and nickel at different period of growth. From these two
tables, it is clear that only the control group removed a
highest amount of inorganic nitrogen. At higher heavy metal
concentrations, the concentration of inorganic nitrogen (both
ammonium and nitrate) was increased at the end of experiment.
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Table 11. Changes of NH4-N concentration in the
medium of the algal culture treated
with different concentrations of
acopper-chromiuma.








a: changes of NH4-N concentration were measured at
different durations in the experiment. A "-
value indicates that NH4-N was released
into the medium.
b: concentrations of metal are in ppm (mg/L)
"value means NH4-N being removed and "a "
58
Table 12. Changes of N03-N concentration in the medium of the
algal culture treated with different concentrations of
copper-chromiuma.




-24.66Cu0. 1/Cr0. lb 9.23
-8.22Cu0.1/Cr0.25b 12.44
Cu0.1/ Cr0.5b 0.99 13.50
CuO. 1/CrO.75b 1.26 14.55
a: changes of N03-N concentration were measured at different
durations in the experiment. A "-" value means NO3-N being
removed and a "+" value indicates that NO3-N was released
into the medium.
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Figure 8. Combined effect of copper-chromium on the removal of
NH4-N by Chlorella sp. RS. In the experiment, O.lppm
of copper was added jointly with different
concentrations of chromium. Each data point represents
the average value± standard deviation of triplicate
sample. Concentrations of heavy metals were in ppm
(mg/L). Standard deviation less than 1% cannot be
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Figure 9. Combined effect of copper-chromium on the removal of
N03-N by Chlorella sp. RS. In the experiment, 0.1ppm
of copper was added jointly with different
concentrations of chromium. Each data point represents
the average value ± standard deviation of triplicate
sample. Concentrations of heavy metals were in ppm







Table 13. Changes of NH4-N concentration in the medium of the
algal culture treated with different concentrations of
copper-nickela.







a: changes of NH4-N concentration were measured at different
durations in the experiment. A"-" value means NH4-N being
removed and a+ value indicates that NH4-N was released
into the medium.
b: concentrations of metal are in ppm (mg/L)
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Table 14. Changes of N03-N concentration in the medium of the
algal culture treated with different concentrations of
copper-nickela.







a: changes of N03-N concentration were measured at different
durations in the experiment. "-" value means N03-N being
removed and "+" value indicates that N03-N was released
into the medium.
b: concentrations of metal are in ppm (mg/L)
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These results are also presented diagrammatically in Figure 10
and Figure 11. These results indicated that a release instead of
removal of inorganic nitrogen occurred.
Figures 12 and 13 show the combined effect of chromium-
copper on the removal of inorganic nitrogen from the medium. The
removal percentage are shown in Table 15 and Table 16. When
compared with the growth curve, it was observed that the removal
of inorganic nitrogen was inhibited by the presence of chromium-
copper, although growth might not be inhibited in the presence of
0.05ppm copper. At the end of the experiment, the control group
removed over 53% of initial nitrate, however, algal culture with
0.05ppm Cu removed only 34% of inorganic ammonium and 7% of
nitrate from the medium.
Figures 14 and 15 show the combined effect of chromium-
nickel on the removal of inorganic nitrogen from the medium. The
removal percentage are also shown in Table 17 and Table 18. The
presence of this heavy metal combination in the medium was not
inhibitory to the algal growth. Figure 14 and Table 17 indicated
that the removal of ammonium was not significantly affected.
However, the removal of nitrate was inhibited by the presence of
chromium-nickel.
Table 19 and Table 20 show that the removal capacities of
ammonium and nitrate were both inhibited by the presence of
0.3ppm of nickel and 0.75ppm of chromium. These results are also
presented diagrammatically in Figures 16 and 17.
Figures 18 and 19 show that the combined effect of nickel-
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Figure 10. Combined effect of copper-nickel on the removal of
NH4-N by Chlorella sp. RS. In the experiment, O.lppm
of copper was added jointly with different
concentrations of nickel. Each data point represents
the average value+ standard deviation of triplicate
sample. Concentrations of heavy metals were in ppm
(mg/ L). Standard deviation less trian 1% cannot be
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Figure 11. Combined effect of copper-nickel on the removal of
N03-N by Chlorella sp. RS. In the experiment, O.lppm
of copper was added jointly with different
concentrations of nickel. Each data point represents
the average value+ standard deviation of triplicate
sample. Concentrations of heavy metals were in ppm
(mg/L). Standard deviation less than 1% cannot be
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Figure 12. Combined effect of chromium-copper on the removal of
NH4-N by Chlorella sp. RS. In the experiment, O.lppm
of chromium was added jointly with different
concentrations -of copper. Each data point represents
the average value+ standard deviation of triplicate
sample. Concentrations of heavy metals were in ppm
(mg/L). Standard deviation less than 1% cannot be















0 2 4 6 8 10
Time (days)
Figure 13. Combined effect of chromium-copper on the removal of
NO3-N by Chlorella sp. RS. In the experiment, O.lppm o
of chromium was added jointly with different
concentrations of copper. Each data point represents
the average value± standard deviation of triplicate
sample. Concentrations of heavy metals were in ppm
(mg/ L). Standard deviation less than 1% cannot be






Table 15. Changes of NH4-N concentration in the medium of the
algal culture treated with different concentrations of
achromium-copper.








a: changes of NH4-N concentration were measured at different
durations in the experiment. A- value means NH4-N being
removed and a+ value indicates that NH4-N was released into
the medium.
b: concentrations are in ppm (mg/L)
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Table 16. Changes of N03-N concentration in the medium of the
algal culture treated with different concentrations of
achromium-copper.
Changes of NOT-N (o) in the medium
Treatment day0-day3 day3-day8
-35.80Control 7.20
-7.13CrO. l/CuO. 05b 1.85
-9.86CrO. 1/CuO. 10b 10.27
-2.40CrO.1/CuO.25b 2.00
-0.39Cr0.1/CuO.50b 0.19
a: changes of NO3-N concentration were measured at different
durations in the experiment. A- value means N03-N being
removed and a+ value indicates that NO3-N was released into
the medium.
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Figure 14. Combined effect of chromium-nickel on the removal of
NH4-N by Chlorella sp. RS. In the experiment, O.lppm
of chromium was added jointly with different
concentrations of nickel. Each data point represents
the average value+ standard deviation of triplicate
sample. Concentrations of heavy metals were in ppm
(mg/ L). Standard deviation less than 1% cannot be
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Figure 15. Combined effect of chromium-nickel on the removal of
N03-N by Chlorella sp. RS. In the experiment, O.lppm
of chromium was added jointly with different
concentrations of nickel. Each data point represents
the average value + standard deviation of triplicate
sample. Concentrations of heavy metals were in ppm
(mg/L). Standard deviation less than 1% cannot be






Table 17. Changes of NH4-N concentration in the medium of the
algal culture treated with different concentrations of
chromium-nickela.
Changes of NH4-N(%) in the medium






a: changes of NH4-N concentration were measured at different
durations in the experiment. A "-"value means NH4-N being
removed and a "+" value indicates that NH4-N was released into
the medium.
b: concentrations are in ppm (mg/L).
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table 18. Changes of N03-N concentration in the medium of the
algal culture treated with different concentrations of
chromium-nickela.
Changes of N03-N(%) in the medium






-9.72 -3.29CrO. 1/NiO.5b 2.60
-11.56
-3.77 -0.42CrO.1/NiO.75b
a: changes of N03-N concentration were measured at different
durations in the experiment. A "-" value means N03-N being
removed and a "+" value indicates that NO -3-N was released into
the medium.
b: concentrations are in ppm (mg/L).
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Table 19. Changes of NH4-N concentration in the medium of the
algal culture treated with different concentrations of
nickel-chromium.







a: concentrations are in ppm (mg/L)
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Table 20. Changes of N03-N concentration in the medium of the
algal culture treated with different concentrations of
nickel-chromium.






















Figure 16. Combined effect of nickel-chromium on the removal or
NH4-N by Chlorella sp. RS. In the experiment, 0.3ppm of
nickel was added jointly with different concentrations
of chromium. Each data point represents the average
value+ standard deviation of triplicate sample.
Concentrations of heavy metals were in ppm (mg/L).
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Figure 17. Combined effect of nickel-chromium on the removal of
N03-N by Chlorella sp. RS. In the experiment, 0.3ppm
of nickel was added jointly with different
concentrations of chromium. Each data point represents
the average value+ standard deviation of triplicate
sample. Concentrations of heavy metals were in ppm
(mg/ L). Standard deviation less than 1% cannot be


















Figure 18. Combined effect of nickel-copper on the removal of
NH4-N by Chlorella sp. RS. In the experiment, 0.3ppm of
nickel was added jointly with different concentrations
of copper. Each data point represents the average value
+ standard deviation of triplicate sample.
Concentrations of 'heavy metals were in ppm (mg/L).

















Figure 19. Combined effect of nickel-copper on the removal of
N03 -N by Chlorella sp. RS. In the experiment, 0.3ppm of
nickel was added jointly with different concentrations
of copper.Each data point represents the average value
+ standard deviation of triplicate sample.
Concentrations of heavy metals were in ppm (mg/L).







removal percentages are also presented in Table 21 and 22.
Their growth curves (results will be shown later) shows that all
cultures treated with such combinations of heavy metal could not
survive. Thus it is predictable that the removal of inorganic
nutrients was severely inhibited.
Figures 20 and 21 show the inhibition on the removal of
inorganic nitrogen by the combined effects of three metal. This
treatment was growth inhibitory (Fig.41), the removal of
nutrients were also inhibited.
2. Inorganic phosphorus
Figures 22 to 31 show the inhibition on the removal of
inorganic phosphate in the medium by various combinations of
heavy metals.
Figure 22 shows that copper at 0.5ppm or higher concentration
inhibited the removal of inorganic phosphates.
In the presence of various concentrations of chromium, the
algal cells released a significant amount of phosphate into the
medium (Fig.23). The overall removal of inorganic phosphate
was compared at the end of the experiment, the presence of
0.25ppm or higher concentrations of chromium also inhibited the
removal of inorganic phosphate from the medium.
Figure 24 shows the inhibition on the removal of inorganic
phosphate from the medium in the presence of 1.0 ppm of
nickel even though the algal growth under this treatment was
not significantly inhibited (results will be shown later).
Figure 25 shows the combined effect of copper-chromium on the
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Table 21. Changes of NH4-N concentration in the medium of the
algal culture treated with different concentrations of
a
nickel-copper.




-6.96 21.14NiO. 3/CuO. 10b
23.420.91NiO. 3/CuO. 25b
-0.50 17.58NiO.3/CuO.50b
a: changes of NH4-N concentration were measured at different
durations in the experiment. A- value means NH4-N being
removed and a"+" value indicates that NH4-N was released into
the medium.
b: concentrations are in ppm (mg/L).
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Table 22. Changes of N03-N concentration in the medium of the
algal culture treated with different concentrations of
nickel-coppera.







a: changes of N03-N concentration were measured at different
durations in the experiment. A "-" value means NO3-N being
removed and a "+" value indicates that N03-N was released into
the medium.
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Figure 20. Combined effect of three metals together: Chromium at
0.1 mg/ L, copper at 0.1 mg/L and nickel at 0.3 mg/L.
on the removal of NH3+-N by Chlorella sp. RS. The
metal concentration are their corresponding mean value
in the final effluent. Standard deviation less than 1%














Figure 21. Combined effect of three metals together: Chromium at
0.1 mg/ L, copper at 0.1 mg/ L and nickel at 0.3 mg/L.
on the removal of N03-N by Chlorella sp. RS. The
metal concentration are their corresponding mean value
in the final effluent. Standard deviation less than 1%
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Figure 22. Effect of copper on the removal of P04--P by
Chlorella sp. RS. Each data point represents the
average value± standard deviation of triplicate
samples. Concentrations of heavy metals were in
ppm (mg/ L). Standard deviation less than 1% cannot be
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Figure 23. Effect of chromium on the removal of PO3-4-P by
Chiorella sp. RS. Each data point represents the
average value ± standard deviation of triplicate
samples. Concentration of heavy metals were in ppm
(mg/L). Standard deviation less than 1% cannot be
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Figure 24. Effect of nickel on the removal of P03-4-P by
Chlorella sp. RS. Each data point represents the
average value + standard deviation of triplicate
samples. Concentration of heavy metal were in ppm
(mg/L). Standard deviation less than 1% cannot be
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Figure 25. Combined effect of copper-chromium on the removal of
P043--P by Chlorella sp. RS. In the experiment, 0.1ppm
of copper was added jointly with different
concentrations of chromium. Each data point
represents the average value+ standard deviation of
triplicate samples. Concentration of heavy metal were
in ppm (mg/ L). Standard deviation less than 1% cannot
be shown in the figure.
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removal of inorganic phosphate by the algal cells. It was
photosynthetic rate and nutrient removal were also inhibited.
Sometimes the algal cells may release cellular materials to bind
heavy metal in the medium, which in turn will increase the
concentration of inorganic nutrient in the medium.,
observed that the phosphate removal was inhibited by the presence
of these two heavy metals while 20% of initial was removed in
control culture.
Figures 26 to 31 show a similar inhibition. It is important
to note that in most of the experiments which involve
combination of heavy metals, the toxicity became from an acute
effect, though the concentration of heavy metal used may not be
an acute toxic dose by itself. As a consequence of inhibited cell
growth, other growth related test-parameters such as
D. Effects of heavy metals on the growth of Chlorella sp. RS
In the present study, it was observed that copper was more
toxic to the growth of Chlorella cell then Ni and Cr.
From Figure 32, it is shown that if copper was added alone,
inhibition of growth occurred at the concentrations equal to or
higher than 0.25 ppm. Growth was generally not inhibited at lower
concentrations (i.e. 0.1 ppm). However, an extended lag phase of
about seven days was observed at 0.5ppm or higher concentrations
of copper equal or higher than 0.5 ppm. After then, algal cells
started to resume growth but at lower rate. In addition, the
final absorbance of the culture indicated that the carrying
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Figure 26. Combined effect of copper-nickel on the removal of
P03-4-P by Chlorella sp. RS. In the experiment,
0.1ppm of copper was added jointly with different
concentrations of nickel. Each data point represents
the average value± standard deviation of triplicate
samples. Concentration of heavy metals were in ppm
(mg/L). Standard deviation less than 1% cannot be
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Figure 27. Combined effect of chromium-copper on the removal of
PO3-4-P by Chlorella sp. RS. In the experiment,
O.lppm of chromium was added jointly with different
concentrations of copper. Each data point represents
the average value ± standard deviation of triplicate
samples. Concentration of heavy metals were in ppm
(mg/L). Standard deviation less than 1% cannot be
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Figure 28. Combined effect of chromium-nickel on the removal of
P04 3- P by Chlorella sp. RS. In the experiment,
0. lppm of chromium was added jointly with different
concentrations of nickel. Each data point represents
the average value± standard deviation of triplicate
samples. Concentration of heavy metals were in ppm
(mg/ L). Standard deviation less than 1% cannot be
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Figure 29. Combined effect of nickel-chromium on the removal of
PO3--P by Chlorella sp. RS. In the experiment,
0.3ppm of nickel was added jointly with different
concentrations of chromium. Each data point
represents the average value± standard deviation of
triplicate samples. Concentration of heavy metals
were in ppm (mg/L). Standard deviation less than 1%
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Figure 30. Combined effect of nickel-copper on the removal of
P03-4-P by Chlorella sp. RS. In the experiment,
0.3ppm of nickel was added jointly with different
concentrations of copper. Each data point
represents the average value + standard deviation of
triplicate samples. Concentration of heavy metals
were in ppm (mg/L). Standard deviation less than 1%
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Figure 31. Combined effect of three metals (0.lppm of copper,
0.lppm of chromium and 0.3ppm of nickel) on the
removal of PO3-4 -P by Chiorella sp. RS. Each data
point represents the average value ± standard
deviation of triplicate samples. Standard deviation
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Figure 32. Effect of copper on the growth of Chidrella sp. RS.




Table 23. Effect of copper on growth and yield of Chlorella sp. RS
Yield
Treatm Growth Rate (Final Extended lag phase
Absorbance(hr-1)
at 680 nm)
Control 1.9 x 10-2 0.104 Nil
Cu O.lppm 1.63 X 10-2 0.093 Nil
Cu 0.25ppm 1.09 x 10-2 0.06 Nil
Cu 0.50ppm 1.69 X 10-2 0.017 7 days
Cu 1.Oppm 1.35 X 10-2 0.015 7 days
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Results presented in Figure 32 and Table 23 show that the
growth pattern of the algal cells treated with 0.25 ppm or lower
concentrations of copper resembled that of the control (i.e. no
copper in the medium), but with lower growth rate. For all
treated with O.lppm of copper, the growth rate was 1.63 x 10-2.
While algal culture treated with 0.25ppm of copper showed a
growth rate of 1.09 x 10-2. These were generally lower than of
control culture at 1.9 x 10-2. In fact, the growth rates of
culture treated with 0.1 and 0.25 ppm of copper were only 88% and
57% respectively that of the control culture.
For those treated cultures, which could grow like the control
culture at the beginning of the experiment, their growth rates
and final absorbances decreased as the concentration of copper
increased.
For the cultures treated with 0.5 and 0.75ppm, algal cells
started to grow only after seven days of lag time. It was
possible that during these seven days some of the algal cells
died as a result of copper toxicity, and a considerable amount of
cellular materials were released. Such materials were capable of
binding free copper ion in the medium, and thus reduced the
toxicity of copper which lead to the cell growth.
However, the final absorbance did not resemble this kind of
relationship. Although the algal cells treated with 0.5 and
).75ppm could resume growth after seven days of incubation, their
growth was inhibited.
Algal growth ceased after the tenth day as toxic substances
99
(such as heavy metal) accumulated inside the cell and caused a
potent toxicity effect.
When copper was added along with other heavy metals, the
growth of alga was inhibited more seriously. Figure 33 and Table
24 show that when 0.lppm of copper was added along with various
concentrations of chromium (0.1 to 0.75 ppm), no growth was
observed. Similar results were observed when 0.lppm of copper was
added along with various concentrations of nickel (0.1 to 0.75
ppm) (Fig. 34 and Table 25).
One of the characteristic phenomena observed from algal
cultures treated with copper was the bleaching of the cells.
Cultures treated with 0.lppm of copper appeared to be colourless
after a few days of incubation. Although copper concentration at
0.1 ppm was not inhibitory to algal growth (Table 23) and the
toxicity of 0.1 ppm copper was enhanced by the addition of
chromium or nickel.
As mentioned before, copper is the most toxic metal among the
three metals being studied. The presence of copper may change the
toxic nature of other metal (either nickel or chromium) from
sublethal to lethal. When nickel was added along with various
concentrations (0.05- 0.5 ppm) of copper, even a concentration
as low as 0.05ppm inhibited the growth of Chlorella sp. RS.
Comparatively, chromium was the least toxic metal among three
metals being studied. The presence of chromium was not inhibitory
to the growth of. the alga (Table 26 and Fig. 35).
Figure 35 and Table 26 show that the presence of 0.1 to 1.0
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Figure 33. Combined effects of copper-chromium on the growth of
Chlorella sp. RS. In the experiment, O.lppm of copper
was added jointly with different concentrations of
chromium. Each data point represents the average




Table 24. Combined effect of copper-chromium on growth and
yield of Chlorella sp. RS.
Yield
Treatment Growth Rate Extended laa phase(Fina:
absorbance
at 6 20 nm)(hr-1)
Control 2.6 X 10-2 0.053
Cu 0.1/Cr 0. la
Cu 0.1/Cr 0.25a
Cu 0. 1/ Cr 0. 5 a
Cu 0. 1/ Cr 0.75a
a: concentrations of metal are in ppm (mg/L)
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Table 25. Combined effect of copper-nickel on growth and yield
of Chlorella sp. RS.

















0 2 4 6 8 10 12,
ime (days)
Figure 34. Combined effect of copper-nickel on the growth of
Chlorella sp. RS. In the experiment, O.lppm of copper
was added jointly with different concentrations of





Table 26. Effect of chromium on the growth and yield of Chlorella




Control 2.15 x 10-2 0.15
Cr 0. la 2.56 X 10-2 0.137
Cr 0.25a 3.02 X 10-2 0.147
Cr 0.5a 3.28 X 10-2 0.112
Cr 1. Oa 3.48 X 10-2 0.05














Figure 35. Effect of chromium on the growtn o unlorelia sp. ±b.
Concentration of chromium was in ppm (mg/L). Each data





stimulation of algal growth by chromium was concentratior
dependent. However, the final absorbance of the algal culture was
lowered despite the increase in growth rate.
In order to study the metal-metal interaction on algal
growth, O.lppm of chromium was added along with various
concentrations of copper and nickel into the growth medium. From
Figures 36 and 37, and Tables 27 and 28, it is not difficult to
observe that the presence of copper was growth-inhibitory.
The addition of 0.lppm of chromium along with various
concentrations of nickel inhibited algal growth (Table 28).
However, it was observed that the treated algal cultures had
higher final absorbance which implicated that the presence of
heavy metals may increase the yield of the algal cultures.
Comparatively, nickel was also less toxic to algal growth than
copper, although algal growth rate was inhibited by the addition
of nickel. Figure 38 and Table 29 show that algae growing in the
presence of the 0.1 to 1.Oppm of nickel have 52% to 87% of that
of the growth rate of control culture. Final absorbance was
not so severely affected by the addition of nickel.
Figures 39 and 40 and Tables 30 and 31 show that if 0.3ppm of
nickel (mean concentration of nickel in the final effluent) was
added along with different concentrations of chromium or copper,
algal growth was also affected more seriously than in the
presence of 0.3ppm nickel alone.
Figure 41 show that the presence of three metals together
completely inhibited the growth of Chlorella sp. RS. The
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Figure 36. Combined effect of chromium-copper on the growth of
Chlorella sp. RS. Each treatment contained a fixed
amount (0.1 ppm) of chromium and a- varied amount
(0.05 to 0.5 ppm) of copper. Each data point
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Figure 37. Combined effect of chromium-nickel on the growth of
Chlorella sp. RS. Each treatment contained a fixed
amount (0.1 ppm) of chromium and a, varied amount
(0.10 to 0.75 ppm) of nickel. Each data point






Table 27. Combined effect of chromium-copper on the growth and
yield of Chlorella sp. RS.




Control 2.87 X 10-2 0.0590
Cr 0.1/Cu 0.05a 3.04 X 10-2 0.0526 2 days
Cr 0.1/Cu 0.1a
Cr 0.1/Cu 0.25a
Cr 0.1/Cu 0 .5a
a:concentration was in ppm (mg/L)
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Table 28. Combined effect of chromium-nickel on the growth and
yield on Chlorella sp. RS.




Control 3.25 X 10-2 0.042
Cr 0.1/Ni 0.1a 3.01 X 10-2 0.049
Cr 0.1/Ni 0.25a 3.01 X 10-2 0.050
Cr 0.1/Ni 0.5a 2.55 X 10-2 0.0516
Cr 0.1/Cu 0.75a 2.46 X 10-2 0.053













Figure 38. Effect of nickel on the growth of Chlorella sp. RS.
Concentration of nickel was in ppm (mg/L). Each data







Table 29. Effect of nickel on growth and yield of- Chlorella




Control 4.2 X 10-2 0.625 Nil
3.65 X 10 -2
Ni 0.1a 0.686 Nil
i day2.95 X 10-2 0.67Ni 0.25a
0.62 1 day2.2 X 10-2Ni 0.5a
1 day0.5362.2 X 10-2Ni 1. 0a













Figure 39. Combined etrect or n1.C1Ce1 UIILUiululu ULL L-11C yivwk.li U.L
Chlorella sp. RS. Each treatment contained a fixed
amount (0.3 ppm). of nickel and a varied amount
(0.1 to 0.75 ppm) of chromium. Each data point














Figure 40. Combined effect of nickel-copper on the growth of
Chlorella sp. RS. Each treatment contained a fixed
amount (0.3mg/L) of nickel and a varied amount
(0.05 to 0.5 mg/L) of copper. Each data point




Table 30. Combined effect of nickel-chromium on the growth and
yield of Chlorella sp. RS.




Controla 2.57 x 10-2 0.743 Nil
Ni 0.3/Cr 0.1a 2.23 X 10-2 0.63 2 days
Ni 0.3/Cr 0.25a 2.38 X 10-2 0.563 4 days
Ni 0.3/Cr 0.5a 2.8 X 10-2 0.19 4 days
Ni 0.3/Cr 0.75a 1.99 x 10-2 0.08 4 days
a: concentrations of metal are in ppm (mg/1)
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Table 31. Combined effect of nickel-copper on the growth and yield
of Chlorella sp. RS.





Control 3.2 X 10-2 0.62
Ni 0.3/Cu 0.05a
Ni 0.3/Cu 0.1a
Ni 0.3/ Cu 0.25a
Ni 0.3/Cu 0.5a
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Figure 41. Combined effect of chromium-copper-nicKel on the
growth of Chlorella sp. RS. The treatment contained
0.1 ppm of chromium, 0.1 ppm copper and 0.3 ppm
of nickel. Each data point represents the average




corresponding mean value in the final effluent in the sewage.
D. Effect of heavy metal on the apparent photosynthetic rate of
Chlorella sp. RS.
In the present study, both the acute and long term toxicity
were investigated.
1. Acute tests
During the acute toxicity tests, relatively high
concentrations of heavy metal were used.
According to Table 32, photosynthesis was not inhibited by
the addition of copper. However, if the algal cells were pre-
incubated in the presence of copper for 1.5 hours, the inhibition
of photosynthesis by heavy metal was very clear. In the presence
of 10 and 20 ppm.of chromium, the photosynthetic rate of the
algal cells were slightly stimulated (Table 33). While the
presence of, even as low as 1 ppm of nickel slightly inhibited
the apparent photosynthetic rate of the algae (Table 34).
2. Sublethal dosage toxicity tests
In addition to acute toxicity effect of heavy metal on
photosynthesis, the long-term toxic effect of sublethal dosage of
heavy metals on algal photosynthetic rate were also studied.
Figure 42 show that the apparent photosynthetic rate of
Chlorella sp. RS was strongly inhibited by the addition of copper.
Though algal growth did not appear to be affected by 0.25ppm
copper, the apparent photosynthetic rate was severely inhibited.
Figure 43 shows that apparent photosynthetic rate of
Chlorella sp. RS was inhibited by chromium. At concentrations of
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Table 32. Effect of copper on the apparent photosynthetic rate of
Chlorella sp. RS. Each data represents the average value+
standard deviation of two replicates.




Cu la 77.10+0.90 14.25+0.45
Cu 5a 78.45+2.50 11.95+0.85
Cu 10a 81.25+2.95 11.75+0.75
Cu 20a 82.67±4.00 12.50+1.05
a: concentration are in ppm (mg/L).
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Table 33. Effect of chromium on the apparent photosynthetic rate
on Chlorella sp. RS. Each data represents the average
value+ standard deviation of two replicates.






Cr20a 1 1'1 .S+1.1
a: concentration are in ppm (mg/L)
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Table 34. Effect of nickel on the apparent photosynthetic rate of
Chlorella sp. RS. Each data represents the average
value of two replicates.
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Figure 42. Effect of copper on the apparent photosynthetic rate
of Chlorella sp. RS. Each data point represents the
average value of two replicates. Concentration of
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Figure 43. Effect of chromium on the apparent photosynthetic rat
of Chlorella sp. RS. Each data point represents the
average value of two replicates. Concentration of







chromium equal to or higher than 0.5ppm, no inhibition on algal
growth was observed, While apparent photosynthetic rate was
inhibited.
Similar result was observed in the toxicity test by
addition of nickel. Figure 44 shows that nickel, at concentration
ippm, did not inhibit algal growth, while, this concentration of
nickel inhibited photosynthetic rate.
If copper was along with other heavy metals, either
chromium or nickel, the algal photosynthetic rate was seriously
inhibited (Fig.45 and Fig. 46).
Figure 45 shows a complete inhibition of algal
photosynthesis by the addition of O.lppm copper along with
various concentrations of chromium (Fig.45).
Figure 47 shows that O.lppm chromium was along with various
concentrations of copper, only those culture with very low
concentrations (i.e. 0.05ppm) of copper could survive and had
detectable photosynthetic rate. However, the algal cells started
to resume photosynthesis not until three days after the beginning
of the experiment. This was consistent with the result obtained
in toxicity test on algal growth.
Figure 48 shows the effect of O.lppm chromium or plus
various concentrations of nickel. Result indicated that the
inhibition of photosynthesis by the chromium plus nickel was not
significant.
Figures 49 and 50 show the effect of 0.1ppm nickel plus
various concentrations of chromium or copper respectively on
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Figure 44. Effect of nickel on the apparent photosynthetic rate
of Chlorella sp. RS. Each data point represents the
average value of two replicates. Concentration of
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Figure 45. Combined effect of copper-chromium on the apparent
photosynthetic rate of Chlorella sp. RS. Each
treatment contained a fixed amount (0.1 ppm) of
copper and a varied amount (0.1 to 0.75 ppm) of
chromium. Each data point represents the average
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Figure 46. Combined effect of copper-nickel on the apparent
photosynthetic rate of Chlorella sp. RS. Each
treatment contained a fixed amount (0.1 ppm) of
copper and a varied amount (0.1 to 0.75 ppm) of
nickel. Each data point represents the average
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Figure 47. Combined effect of chromium-copper on the apparent
photosynthetic rate of Chlorella sp. RS. Each
treatment contained a fixed amount (0.1 ppm) of
chromium and a varied amount (0.05 to 0.5 ppm) of
copper. Each data point represents the average
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Figure 48. Combined effect of chromium-nickel on the apparent
photosynthetic rate of Chlorella sp. RS. Each
treatment contained a fixed amount (0.1 ppm) of
chromium and a varied amount (0.1 to 0.75 ppm) of
nickel. Each data point represents the average




















Figure 49. Combined effect of nickel-chromium on the apparent
photosynthetic rate of Chlorella sp. RS. Each
treatment contained a fixed amount (0.3 ppm) of
nickel and a varied amount (0.1 to 0.75 ppm) of
chromium. Each data point represents the average




















Figure 50. Combined effect of nickel-copper on the apparent
photosynthetic rate of Chlorella sp. RS. Each
treatment contained a fixed amount (0.3 ppm) of
nickel and a varied amount (0.05 to 0.5 ppm) of
copper. Each data point represents the average







that inhibitory effect of nickel-copper on algal photosynthesis
was much higher than nickel-chromium.
Figure 51 shows that if the algal cells were introduced with
three metal together, at concentration corresponding to their
mean value in the final effluent, the apparent photosynthetic













Figure 51. combined effect of three metals: chromiun-copper-
nickel on the apparent photosynthetic rate of
Chlorella sp. RS. Metal concentrations are 0.1 ppm
for chromium, 0.1 ppm for copper and 0.3 ppm for
copper. The metal concentrations are their
corresponding mean value in the final effluent. Each









A. Effect of copper on the removal of inorganic phosphorus and
nitrogen, growth and photosynthetic rate in Chlorella sp. RS
Copper sulphate or copper conjugated compounds, is one of the
oldest and most extensively used algicides. It has been
demonstrated that cupric ions inhibit the physiology of the algal
cells. Physiological properties like respiration, photosynthetic
rate and growth are inhibited by the addition of copper (Gross et
a1., 1970 Hassall, 1963). Wastewater in Hong Kong contains a
considerable amount of copper (Table 3), which affects the
application of algal system to remove inorganic nutrient removal
from wastewater. The aim of this study was to investigate the
level of inhibition of cupric ions, on growth, photosynthetic
rate and nutrient removal efficiency of the selected alga,
Chlorella sp. RS.
The present study, shows that copper is the most toxic metal
when compared to nickel and chromium. If copper was introduced
individually in the culture, growth inhibition occurred at the
concentration equal to or higher than 0.25 ppm. Copper alone at
0.1 ppm had no effect on the growth of Chlorella sp. RS. This
result is in accord with those reported by Nielsen and Kamp-
Nielsen (1970). If the concentration of copper added into the
medium was not too high, i.e. lower than 0.25 ppm, it was
possible for the algae to re-establish a normal growth rate as
that of control culture. The log phase of growth came seven days
later, that is, the lag phase of the treated samples were
extended. After then, the algal cells is capable of resuming
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normal growth rates.
The alleviation of copper toxicity either at low copper
concentration or after an extended lag-phase is likely the result
of large amount of copper ions taken up by cell walls and non-
inhibitory sites or part of the free cupric ion was complexed
with substance released from algal cells (Cedeno-Maldonado and
Swader, 1974).
At higher concentrations of copper, death of algal
cells may be resulted. This will certainly cause the release of
metal-binding substances. This kind of cellular materials are
capable of protecting surviving cells by reducing concentration
of free cupric ion in the medium. This phenomenon can possibly
explain why algal culture can resume normal growth rates after an
extended lag-phase.
The toxicity of copper depends on several factors. For
example, the presence of iron and citric acid may counteract the
toxic effect of copper (Nielsen and Kamp-Nielsen, 1970). In the
experiment, the very small amount of citric acid was used and was
readily assimilated by Chlorella sp. RS. The counteracting on the
influence of copper by citric acid was only relatively for a
short period of time.
Cell concentration is also of decisive importance for the
influence of copper on the growth. This is due to the binding of
copper by the organic matter of cell walls and slime envelops
(Nielsen and Kamp-Nielsen, 1970). In the experiment, since the
inoculum size and hence the initial cell concentration in both
- treated and control groups were kept the same (5% V:V log-
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phase culture was inoculated). The effect of cell concentration
on toxicity of copper may be eliminated by simply comparing the
difference between treated and control groups.
Although the algal culture could resume normal growth rates
after extended lag-phase, the final absorbance of the culture
indicating the yield of the culture was lower. This result is
comparable to the results reported by Gross et al. (1970). He
found that the packed cell volume of the algal culture Chlorella
sp. RS. was inhibited even though the algal culture could resume
normal growth rates.
Bleaching of the algal culture was noticeable if copper was
used as toxicant. The absorbance of the pigment in the culture
dropped to zero and even negative values after a few days of
incubation. Since chlorophyll bleaching property of copper was
reported (Gross et al. 1970), the observation in the drop of
absorbance of the pigment of the algal culture indicates that
copper, besides inhibited growth of the alga, also influenced
the chlorophyll contents of the cells of Chlorella.
The presence of copper also inhibited algal photosynthesis.
Cedeno-Maldonado and Swader (1974) suggested that photosynthesis
was a primary effect of copper ion toxicity because inhibition of
photosynthesis occurred within minutes after the addition of
copper ions into algal culture. In this study, the acute toxic
effect of copper on the apparent photosynthetic rate was
determined. Table 32 shows the inhibition of photosynthesis by
copper. After 1.5 hour of incubation, the inhibition of
photosynthesis of the algal culture was even more prominent.
During acute toxic test, the number of algal cells (1.33 x 108)
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used was higher than that in sublethal dosage toxicity test. It
has been mentioned before that cell number is one of the major
factors affecting the toxicity of copper. Hence it is expected
that a period of incubation time is needed for copper to bind to
the inhibitory site and exert its toxicity effect. Detail
mechanism on the effect of copper on photosynthesis was not
investigated in this study. But it has been reported in other
studies. Cedeno-Maldonado and Swader (1974) reported that strong
inhibition of uncoupled photosynthetic electron transport by
copper in isolated spinach chloroplast. They suggested that
inhibition of photosynthesis was not only dependent on the
concentration of the inhibitor, but also on the molar ratio of
chlorophyll to inhibitor. When algal cultures were preincubated
in light, there was an increase in inhibition as a result of
copper binding to inhibitory sites. Algal culture preincubation
in dark resulted in copper binding to non-inhibitory sites and
decreased inhibition of copper. When the effects of copper on
photosystems I and II were determined separately, photosystem I
was more resistant to copper inhibition than photosystem II.
(Cedeno-Maldonado and Swader, 1972).
Another toxic effect brought by copper was that it can
increase cell permeability. McBrien and Hassall (1965) studied
the effect of cupric ions on potassium retention by Chlorella sp.
and found that copper uptake caused a release of potassium ions
in amounts exceeding the number of equivalent of copper entering
the cells. They concluded that an increase in cell permeability
appeared to be the primary effect of copper.
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Copper inhibits respiration and photosynthesis in Chlorella
sp., but photosynthesis appears to be more sensitive to copper
ion toxicity than respiration. In addition, copper is more toxic
to Chlorella sp. in light than in dark (McBrien and Hassall,
1967).
McBrien and Hassall (1967) showed that it was extremely
important whether the copper-treatment is made under aerobic or
anaerobic condition. In the present study, the algal cultures
were maintained in an aerobic condition hence eliminated the
stress brought about by anaerobic condition.
The presence of copper inhibited the removal of inorganic
nutrients from the medium by the alga. As mentioned above, the
introduction of heavy metal in the medium might cause the death
of algal cells. As a consequence a considerable amount of metal-
binding cellular materials were released into the medium and thus
reduced the toxicity of the metal in the medium. From Figures 2
and 3, algal culture treated with 0.5 ppm or higher concentration
of copper resulted in the release of inorganic nitrogen into the
medium. For copper-conjugated experiments, it was not uncommon
to find that in the presence of higher concentrations of heavy
metal, release of inorganic nitrogen or phosphorus into the
medium was observed. And the removal of these inorganic nutrients
from the medium was also inhibited.
Copper also inhibited the apparent photosynthetic rate of
Chlorella sp. RS. Comparisons were made between Figures 42, 45
and 46. It was not difficult to find that in the presence of
other heavy metals, 0.1 ppm of copper became acutely toxic to
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Chlorella sp. RS. Although the algal culture might not be so
severely affected by 0.1 ppm copper alone.
The exact role of copper in the development of cellular damage
is not clear at the present moment, but several model systems are
available. Gurd and Wilcox (1956) showed that copper ions
catalyzed the oxidation of sulfhydryl groups and formation of
disulphide bridges. Chelation and participation in organic redox
reactions might take place. In addition, copper ion probably was
hydrated to form hydroxides, which introduce further
complications.
Gross et al. (1970) suggested that mechanism of toxicity of
copper was influenced by the structure of the cell. The rupture
of membrane barriers was the first step in the damaging sequence.
He also suggested that chlorophyll was metabolized in the
presence of magnesium and caused reduction in chlorophyll
contents of the algal cells. In contrast, copper-phenophytin
was comparatively more stable. His explanation of chlorophyll
reduction was the oxidation of chlorophyll. Reduction in
chlorophyll content and the destruction of carotenoid accompanied
with the cessation of photosynthesis and respiration. Membrane
integrity might also be altered and that could be the primary
toxic action of copper.
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B. Effects of chromium on the removal of inorganic phosphorus
and nitrogen, growth and photosynthetic rate in Chlorella sp.
RS
The toxicity of chromium to algae has been known for a long
time. Wium-Andersen (1974) reported that the growth rate of the
diatom, Nitzschia palea, was greatly inhibited by 0.15 ppm of
chromium. Similar inhibitory effects of chromium on the growth of
Chlorella pyrenoidosa was also reported (Wium-Andersen, 1974).
However, Hervey (1949) reported that the presence of small amount
of chromium in culture medium increased the algal growth rate.
This is compatible with the result in the present study. The
presence of various concentrations of chromium in the culture
seemed to stimulate the growth of the algae (Table 26). However,
algal culture under chromium stress growed slower after the
exponential phase. Hence the final absorbance of algal culture,
which implicates the yield of the culture, was greatly inhibited
when compared with copper and nickel in the present study. Algal
growth was also inhibited in the present of chromium-nickel
(Table 28). However, the final absorbance of the culture was not
so severely inhibited. On the other hand, the combined effect of
chromium-copper on algal growth was more prominent. In that
experiment, only the control culture and culture treated with
0.05 ppm of copper could survive. However, culture treated with
0.1 ppm chromium and 0.05 ppm copper had higher-growth rates. It
is possible that chromium exerted its stimulation property on the
algal growth rate of the treated group.
One possible mechanism of Cr(VI) inhibition on the algal
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growth is the competition of chromate for sulphate in some aspect
of cellular metabolism. The hypothesis stated that the toxicity
of Cr(VI) on the phytoplankton might strongly relate to the
sulphate concentration of the medium since sulphate ions and
chromate ion have similar chemical properties.
Both chromate and sulphate ions are doubly charged anions with
four tetrahedral oxygen. The radius of chromate ion is
comparatively larger when it is compared with that of sulphate
ions. The crystal lattice bond length of sulphate is 0.165 nm
while for sulphate it is 0.154 nm.
In ion exchange reactions, sulphate and chromate are strongly
competitive (Pankow and Janauer, 1974). Biochemical competition
between chromate and sulphate in a variety of contexts is well
established.
According to the equilibrium distributions of aqueous chromium
species as a function of pH (Riedel, 1984), it was clear that at
the pH in the present study (i.e. >6.8), chromate ions was
predicted to be the dominant form of chromium.
Sulphate is utilized by phytoplankton for the synthesis of
sulphur containing amino acids, various metabolic intermediates,
and sulfonated polysaccharides. Sulphate uptaken by algae is
known to be an active process and internal concentrations of
sulphate are regulated when external concentrations are varied.
Previous discussion of the toxicity of Cr(VI) was focused on
its oxidizing nature (Mertz, 1969). However, the oxidizing
strength of Cr(VI) was strongly dependent on pH and had stronger
oxidizing power at low pH. Because of the comparatively high pH
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used in the present study (i.e. >6.8), Cr(VI) would be in a
relatively non-reactive form. However, some localized
compartments within phytoplankton cells, such as vacuoles and
thylakoids, had pH values of 4-5 (Wheeler and Hellebust, 1981).
Another toxic mechanism of Cr(VI) related to the relationship
between pH gradients and the Cr(VI) dependent equilibria. If
chromate is transported as sulphate analogue into low pH sites
within the cell, an accumulation of HCrO4- in such areas may take
place due to the effect of the pH gradient and the chromate-
hydrogen equibrium. The action of Cr(VI), as a strong oxidizing
agent, can cause defect in cellular organelles. Furthermore,
Cr(III) can be accumulated internally as a consequence of Cr(VI)
oxidation. Cr(III) may also have a toxic effect as a competitive
inhibitor in the metabolism of trace elements such as Fe(III).
In additional mechanism of chromate toxicity is that the
sulphate uptake site may bind chromate as a sulphate analogue.
This irreversible binding causes the oxidation of the sulphate
uptake site by the reduction of chromate. This can result in
sulphate limitation when sufficient sulphate uptake sites has
been oxidized. Andersen and Morel (1987) reported that the
dark process of photosynthesis was inhibited by chromium. He
reported that chromium concentration at 5ppm inhibited normal
photosynthetic rate by 50%. 14C technique was used to study the
effect of chromium on photosynthesis.
In the present study, the acute toxic effect of chromium on
the apparent photosynthetic rate was not significant. In the
contrary, Cr(VI) at high concentrations of 10 ppm and 20 ppm
showed stimulatory effects on photosynthesis. However, if the
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cells were preincubated in a sublethal of chromium, the
inhibition of apparent photosynthetic rate by chromium was
observable.
In this study, the apparent photosynthetic rate was obviously
affected by Cr(VI) ion after a long term exposure. Concentration
of chromium equal to or more than 0.5 ppm in the culture showed a
complete inhibition of photosynthesis (amount of oxygen evolved
during the one-hour experiment equals to 0). Though the algal
growth seemed not so greatly be affected. These results suggested
that although the growth of the algal cells of Chlorella sp. RS
might not be affected so severely by the metal, the defects
occurred on the photosynthetic system was detectable. Though the
method used in the present study to measure photosynthetic rate
could not represent the whole photosynthetic process, but the
observed effect still showed that chromium did affect the process
of photosynthesis at least at the water photolysis level. In
order to study a the effect of chromium on overall processes of
photosynthesis, 14C technique should be used.
The presence of chromium may stimulate the release of
inorganic ammonium as well as inorganic phosphorus into the
medium. However, this phenomenon was stopped at the end of the
experiment. These nutrient releasing phenomenon could be
explained as one of the protective mechanisms of the algal cells
against metal toxicity (Ral et al.,1981).
The removal of nitrate was also inhibited by the presence of
chromium. For chromium-nickel or chromium-copper test, the
removal of inorganic nitrogen and phosphorus was also inhibited.
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The toxic mechanism of chromium on algal growth and
photosynthetic rate was proposed for a long time. However, the
mechanism of how chromium inhibit the removal of inorganic
nutrient needs further investigations. The results in the
present study can only serve as a basic study of how heavy metal
affecting cells of Chlorella sp. RS in a simulated sewage system.
However, sewage effluent contains considerable amount of
phosphates. As mentioned before, phosphate can bind heavy metal
and thus reduce the heavy metal toxicity. Besides, it is possible
that sewage contain a lot of metal binding constituents. More
intensive study should be made by using millipore membrane-
filtered sewage.
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C. Effects of nickel on the removal of inorganic phosphorus and
nitrogen, growth and photosynthetic rate in Chlorella sp. RS
Relatively little information is available concerning the
influence of nickel on the growth of algae (Spencer, 1980).
However, the available information suggested that algae tolerate
to a wide range of concentration of nickel. Nickel was reported
to be required by algal cells in cell growth (Soeder and
Engelmann, 1984). The differences in species tolerance to nickel
may due to the differences in the equilibrium forms of nickel
present in the experimental culture media. Metal toxicity to
aquatic organisms has previously been demonstrated to be
dependent on the concentration of free metal ion. Normally Ni2+
consists more than 98% of total nickel in the medium. And free
nickel ions were reported as the dominant toxic species (Spencer
and Greene, 1981).
In the present study, the growth rate of Chlorella sp. RS was
inhibited by 0.1 ppm nickel. This result was in accord with those
reported by Spencer and Greene (1981). They found that under the
experimental conditions which favoured the existence of divalent
cation Ni2+, algal growth was inhibited by 100,ug/L of Ni2+. From
Figure 38, it could be easily observed that the growth
of Chlorella sp. RS in the presence all concentrations of nickel
were very much the same. The result indicated that the toxic
effect of nickel to algal growth was much less than that of
copper.
For nickel-conjugated metal-metal interaction experiments, the
combined effect of nickel-copper was more toxic than that of
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nickel-chromium. No growth was observed if algal cultures wer
culture in the nickel-chromium test were inhibited. However,
extended lag-phase of about two to four days was also observed.
Final absorbance of the algal culture, which implicates the yield
of the algal culture, was also severely inhibited.
The acute toxic effects of heavy metals on the apparent
photosynthetic rate were also studied. Results showed that the
algal photosynthetic rate was inhibited by the addition of
nickel. However, at sublethal dosage the algal cultures showed
the fluctuation in the apparent photosynthetic rate. Nickel at
1.0 ppm inhibited the algal photosynthesis. A response of nickel
concentration-dependent inhibition on photosynthesis occurred at
the seventh day. The drop of photosynthetic rate at the end of
experiment may due to that algal cultures had reached the
stationery phase of growth.
The effects of nickel-conjugated metal-metal interaction on
photosynthesis also gave similar results. For nickel-chromium
test, chromium at 0.5 ppm or 0.75 ppm along with 0.3 ppm of
nickel completely inhibited the photosynthesis of alga. And for
nickel-copper test, complete inhibition of algal photosynthesis
was observed at all concentrations tested. The removal of
inorganic nutrients was inhibited by the presence of nickel. The
presence of nickel in the medium, either individually or jointly
with chromium or copper, inhibited the removal of all three
inorganic nutrients: phosphates, nitrate and ammonium.
As mentioned before, little information is available on the
toxicity mechanism of nickel to algae. The study of dark carbon
introduced with nickel and copper. The growth rath rates of algal
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dioxide fixation and malate synthesis by using the roots of maize
may provide some insights of how plant cells might be affected by
nickel.
Morgutti et al. (1984) reported that the increase in level of
nickel in the roots of maize leads to a progressive inhibition of
the proton extrusion capacity of the root and associated with the
inhibition of both dark CO2 fixation and malate synthesis.
Moreover, nickel inhibited the phosphoenolpyruvate carboxylase
activity in vitro. He suggested that the presence of nickel might
interfere with the control of the homeostasis of cytoplasmic pH,
and the rise in cytoplasmic pH might lead to the decrease of
total inhibition of the activity of the proton pump. The
inhibition of dark CO2 fixation and malate synthesis might due to
either direct action of nickel or nickel-malate complex on the
activity of PEP carboxylase. The formation of nickel-malate
complex was thermodynamically favoured. The presence of nickel
would also cause progressive efflux of K+. This phenomenon may be
associated with the immediate drop of transmembrane electrical
potential induced by the influx of positively charged Nit+. The
efflux of K+ might due to the necessity of the cell to compensate
electrically for continuous passive influx of nickel. Nickel
is not the only metal that cause the defect on the permeability
of membrane resulting in efflux of K+. McBrien and Hassall (1965)
studied the effect of the cupric ion on potassium retention by
Chlorella and found that cupric ion uptake had similar effect on
potassium retention. They suggested that an increase in
cellular permeability appeared to be the primary effect of cupric
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ion. It was expected that Chlorella should have a similar effect
on CO2 fixation and other defects as those mentioned for the
copper. However, further studies by using intact Chlorella cells
should be included since nickel is a common contaminant in
wastewater.
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D. Perspective of using Chlorellla sp. RS to remove inorganic
phosphorus and nitrogen from secondarily treated sewage
effluent
The results of the present study indicated that heavy metals
inhibited the removal of inorganic phosphorus and nitrogen by
Chlorella sp. RS cells. When the cells of Chlorella sp. RS
exposed to the combinations of heavy metals, the effects of the
tested heavy metals become lethal to the alga even sublethal
doses of heavy metals were used. As cells of Chlorella sp. RS
was treated with only one heavy metal, the algal cells could
resume growth after an extended lag phase if the metal
concentration was not too high. Even though algal growth might
not be inhibited, inhibition on other physiological process such
as the removal of inorganic phosphorus and nitrogen was
observed. On the other hand, combinations of sublethal dosages of
heavy metals might exert an lethal effect to the alga. When 0.1
mg/L of copper acted along with with other heavy metals, complete
inhibition of algal growth occurred. Complete inhibition on other
physiological processes such removal inorganic nutrients and
photosynthesis were also observed. When three heavy metals acted
together to the alga at their corresponding average
concentrations in sewage effluent, even more severe inhibition on
the physiological processes of the alga was observed.
However, cells of Chlorella sp. RS seemed to have some
protective mechanisms against heavy metal toxicity. The
concentrations of inorganic phosphorus and nitrogen in medium
were increased in the presence of heavy metals. Such phenomenon
150
might due to the release of cellular materials into the growth
medium. As mentioned before, these cellular materials were
capable of binding heavy metal and thus reducing the toxicity
potential of the heavy metal (Hervey, 1949 Cedeno-Maldonado and
Swader, 1974). The toxicity of heavy metal on algae depends very
much on the concentration of free metal ions in the medium. In
other words, the cellular material-bound heavy metal cannot exert
its toxic effect on algal cells as much as free metal ions.
This kind of protective mechanism was applicable only if growth
of algae was not completely inhibited.
Application of algal system could remove upto 90% of ammonium,
80% of nitrate and 90% phosphorus from secondary sewage effluent
(Wong, 1979). Algal cells are accepted as potential inorganic
nutrient removers in sewage treatment. However, if cells of
Chlorella sp. RS should be applied to remove inorganic nutrients
from the secondarily treated sewage effluent, additional step to
remove heavy metals from sewage have to be incorporated into the
sewage treatment system in order to minimize the impact of heavy
metals on the algal cells. Therefore, industrial influent
should be monitored such that the concentrations of heavy metals
in the influent should be maintained at a certain level. As a
consequence, pretreatment is needed for the industrial
wastewater. In other words, the factory itself should be
responsible for preventing untreated sewage discharged into the
There are a number of physical,
sewage treatment plant.
chemical as well as biological methods available to remove heavy
metals from sewage (Bogan et al.,1960;clesceri,1967;Bunch,
1977;Chan et al.,1979;Daigger,1988). The incorporation of
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algal system to remove inorganic nutrients from the treated
sewage should minimize the water pollution cause by the
continuous discharge of sewage into the water bodies. However,
the reduction of concentrations of heavy metals in sewage by
additional treatment warrants the use of algal system to remove
inorganic nutrients in the treated sewage.
132
S UMMAR)
1. The average concentration of chromium, copper and nickel in
the final effluent was 0.1 ppm, 0.1 ppm and 0.3 ppm,
respectively.
2. The presence of heavy metals inhibited removal of inorganic
phosphorus and nitrogen from growth medium. Inhibition also
occurred on the growth and apparent photosynthetic rate of
Chlorella sp. RS.
3. The effects of heavy metals on the removal of inorganic
phosphorus and nitrogen by the alga, Chlorella sp. RS, seemed
to be a secondary effect brought by the inhibited algal cell
growth.
4. If the algal culture of Chlorella sp. RS was introduced with
one heavy metal (either chromium, copper or nickel), the algal
cells can still resume growth after an extended lag-phase.
5. However, the toxic effects of heavy metals were enhanced and
become lethal if a combination of two or more heavy metals
at even sublethal concentrations was introduced into the algal
culture.
6. Cells of Chlorella sp. RS might have a protective mechanism
against the toxic action of heavy metal if growth of the
algal cultures was not completely inhibited. The algal
culture treated with low concentrations of heavy metals could
still resume growth after an extended lag phase. Usually, the
inorganic nutrients in the medium would be increased during
the extended lag phase. These nutrients were capable of
binding. free metallic ions and thus reducing the heavy metal
153
toxicity.
7. Copper was the most toxic heavy metal among the three metals
tested. The presence of 0.1 ppm of copper along with any
other metal(s) would cause complete inhibition on growth of
Chlorella sp. RS.
8. The inhibition on algal growth by copper was always
accompanied by the bleaching of the algal cells. This result
suggested that copper might act on chlorophyll synthesis of
algal cells.
9. Nickel at 0.1 ppm inhibited algal growth. Nickel should
receive more attention because it is abundant in the
electroplating wastes.
10. Chromium was the least toxic metal among the three metals
tested in the present study. From the results, its presence




Ademoroti, C.M.A. (1983) Trickling filter activated sludge plant
performance in Ibadan. Eff. Water Treat. J., 23: 415-
419.
American Public Health Association. (985) Standard Methods for
Examination of Water and Wastewter. 16th edition.
Washington, D.C.
Anderson, D.M. and Morel, F.M. (1987) Copper sensitivity of
Conyaulax tamarensis. Limnol. Oceanogr., 23: 283- 295.
Assche, F.V. annd Clijsters, H. (1986) Inhibition of
photosynthesis in Phaseolus vulgaris by treatment with
toxic concentrations of zinc: Effects on electron
transport and photophosphorylation. Physiol. Plant, 66:
717- 721.
Babich, H. and Stotzky, G. (1985) Heavy metal toxicity to
microbe-mediated ecological processes: A review and
potential application to regulatory policies.
Environmental research, 36: 111- 137.
Bogan, R.H., Albertson, O.E. and Pluntze, J.C. (1960) Use of
algae in removing phosphate from sewage. J. San. Env.
Div. Amer. Soc. Civil, 86: 1- 40.
Boyko, B.I. and Rupke, J.W.G. (1976) Phosphorus removal within
existing wastewater treatment facilities. Research Report
no.44, Environment- Canada.
Bunch, R.L. (1977) Uptake of biological nitrogen and phosphate
control. U.S. presentation at the 5th US/Japan Conference
on- Sewage Treatment Technology, Tokyo, Japan. p.1- 25.
153
Cedeno-Maldonado, A. and Swader, J.A. (1972) The cupric ion as an
inhibitor of photosynthesis electron transport in
isolated chloroplasts. Plant Physiology, 50: 698- 701.
Cedeno-Maldonado, A. and Swader, J.A. (1974) Mechanism of copper
toxicity in Chlorella. Weed Science, 22: 443- 449.
Chan, K.Y., Wong, K.H. and Wong, P.K. (1979) Nitrogen and
phosphorous removal from sewage effluent with high
salinity by Chlorella salina. Environmental Pollution,
18: 139- 146.
Chevalier, P. and de la Noue, J. (1985) Efficiency of immobilized
hyperconcentration algae for ammonia and orthophosphate
removal from wastewaters. Biotechnology Letter, 7: 395-
400.
Clesceri, N.L. (1967) Physical and chemical removal of nutrients.
In: Algae, Man, and The Environment, Jackson, D.F. ed.
p.413- 428. Syracuse University Press.
Convery, J.J. (1970) Treatment techniques for removing
phosphorous from municipal wastewaters. Water Pollution
Control Research Service, 17010- D1/70 EPA. Cincinnati,
USA.
Dahab, M.F. and Lee, Y.W. (1988) Nitrate removal from water
supplies using biological denitrification. J. Wat.
Pollut. Control Fed., 60: 1670- 1674.
Daigger, G.T., Waltrip, G.D., Romm, E.D. and Morales, L.M. (1988)
Enhanced secondary treatment incorporating biological
nutrient removal. J. Wat. Pollut. Control Fed., 60: 1833
- 1842.
156
Davies, A.W. (1980) Scientific investigations into the
eutrophication of the Norflok Broads. Department of
Environment, Central Directorate on Environmental
Pollution, report no. 8, p.63- 70.
Dentel, S.K. and Gossett, J.M. (1982) Effects of chemical
coagulation on anaerobic digestibility of organic
materials. Water Research, 16: 707- 718.
Falkowski, L.A.K. and Lewandowska, J. (1988) Effect of amino
acids on the toxicity of heavy metals to phytoplankton.
Bull. Environ. Contam. Toxicol., 40: 532- 538.
Fogg, G.E. and Westlake, D.F. (1955) The importance of
extracellular products of algae in freshwater. Proc. Int.
Ass. Theor. Appl. Limnol., 12: 219- 232.
Goldman, J.C., Tenore, K.R., Ryther, J.H. and Corwin, N. (1974)
Inorganic nitrogen removal in a combined tertiary
treatment-marine aquaculture System. Removal
efficiencies. Water Research, 8: 45- 54.
Gordon, M.S., Chapman, D.J., Kawasaki, L.Y. Tarifeno-Silva and
Yu, D.P. (1982) Aquacultural approaches to recycling of
dissolved nutrients in secondarily treated domestic
wastewaters. IV. Conclusions, design and operational
considerations for artificial food chains. Water
Research, 16: 67- 71.
Greer, D.E. and Ziebell, C.D. (1972) Biological removal of
phosphates from water. J. Wat. Pollut. Control Fed., 44:
2342- 2348.
157
Gross, R.E., Pugno, P. and Dugger, W.M. (1970) Observations on
the mechanism of copper damage in Chlorella. Plant
Physiology, 46: 183- 185.
Gurd, F.R.N. and Wilcox, R.E. (1956) Complex formation between
metabolic cations and proteins peptides and amino acids.
Advances in Protein Chemistry, 11: 311- 427.
Hart, B.A. and Scaife, B.D. (1977) Toxicity and Bioaccumulation
of cadmium in Chlorella pyrenoidosa. Environmental
Research, 14: 401- 413.
Hart, B.A., Bertram, P.E. and Scaife, B.D. (1979) Cadmium
transport by Chlorella pyrenoidosa. Environmental
Research, 18: 327- 335.
Hashimoto, S. and Furukawa, K. (1989) Nutrient removal from
secondary effluent filamentous algae. Journal of
Fermentation and Bioengineering, 67: 62- 69.
Hassall, K.A. (1963) Uptake of copper and its physiological
effects on Chlorella vulgaris. Physiol. Plant., 16: 323-
332.
Hemens, J. and Mason, M.H. (1968) Sewage nutrient removal by a
shallow algal stream. Water Research, 2: 277- 287.
Herbert, D.M.W. (1965) Pollution and Fisheries Ecology and The
Industrial Society. 5th Symposium of the British
Ecological Society. p.173-195.
Hervey, (1949) Effects of chromium on the growth of
,
unicellular chlorophyaceae and diatoms. 'Bot. Gaz., 3: 1-
11.
Hong Kong Government. (1989) White Paper: pollution in Hong Kong
- A time to act. Hong Kong.
158
Hudson, E.J. and Marson, H.W. (1970) Eutrophication wits
particular reference to the role of phosphates. Chem,
Ind., 14: 1448- 1458.
Huguenin, J.E. and Ryther, J.H. (1974) Experiences with a marinE
aquaculture tertiary sewage treatment complex. In:
Wastewater Use in The Production of Food and Fibe Proceedings, Environmental Technology series, U.S.
Environmental Protection Agency, EPA-660/2-F4-041. p.377
- 386.
Jenkins, D., Ferguson, J.F. and Menar, A.B. (1971) Chemical
processes for phosphorus removal. Water Research, 5: 369
- 387.
Joko, I. (1985) Phosphorus removal from wastewater by the
crystallization method. Water Sci. Technol., 17: 121-
132.
Jones, G.E. (1970) Metal organic complexes formed by marine
bacteria. Hood D.W. (ed.) Organic matter in natural
waters. Inst. Mar. Sci. Occas. Pub., 1: 301-319.
Kumar, D., Jna, M. and Kumar, H.D. (1985) Copper Toxicity in the
fresh water cyanobacterium Nostoc linckia. Journal of
General and Applied Microbiology, 31: 165- 169.
Kuwabara, S.J., Davis, J.A. and Chang, C.C.Y. (1986) Algal
response to particle-bound orthophosphate and zinc.
Limnol. Oceanogr., 31: 503- 511.
Laube, V.M., McKenzie, C.N. and Kushner, D.J. (1980) Strategies
of response to copper, cadmium, and lead by a blue-green
and a green alga. Can. J. Microbiol., 26: 1300- 1311.
Proceedings,Environmenta Technology series,U.S.
139
Lee, G.F., Rast, W. and Jones, R.A. (1978) Eutrophication of
water bodies: Insights for an age-old problem. Environ.
Sci. Technol., 12: 900- 908.
Lin, S.S.D. and Carlson, D.A. (1975) Phosphorus removal by the
addition of aluminium(III) to the activated sludge
processes. J. Wat. Pollut. Control Fed., 47: 1978-
1986.
Maiti, S.K, Gupta, S.K. and Joshi, S.G. (1988) Nutrients removal
and conservation by activated algae in oxidation ditch.
J. Wat. Pollut. Control Fed., 60: 2115- 2119.
Massalski, A., Laube, V.M. and Kushner, D.J. (1981) Effects of
cadmium and copper on the ultrastructure of
Ankistrodesmus braunii and Anabaena 7120. Microb. Ecol.,
7: 183- 193.
Mcbrien, D.C.H. and Hassall, K.A. (1965) Loss of cell potassium
by Chlorella vulgaris after contact with toxic amounts of
copper sulphate. Physiol. Plant., 18: 1059- 1066.
Mcbrien, D.C.H. and Hassall, K.A. (1967) The effect of toxic
doses of copper upon respiration, photosynthesis and
growth of Chlorella vul aq ris. Physiol. Plant., 20: 113-
117.
McCarthy, J.J. and Reuter, J.G. (1979) The toxic effect of
copper on Oscillatoria (Trichodesmium) theibautii.
Limnol. Oceanogr., 24: 558-562.
148
McCarty, P.L. and Haug, R.T. (1971) Nitrogen removal from
wastewaters by biological nitrification and
denitrification. In: Microbiol Aspects of Pollution,
Syles, G. and Skinner, F.A., ed. The Society for Applied
Bacteriology Symposium, series no.l. Academic Press.
p.215- 230.
McGarry, M.G., Lin, C.D. and Merto, J.L. (1972) Photosynthetic
yields and byproduct recovery from sewage oxidation
ponds. In: Advances in Water Pollution Research, Jenkin,
S.H., ed. p.521- 531.
McGriff, E.C., McKinney, Jr. E. and Ross E. (1971) Activated
algae: A nutrient removal process. Water and Sewage
Works, 118: 377- 379.
Merrill, D.T. and Jorden, R.M. (1975) Lime-induced reactions in
municipal wastewaters. J. Wat. Pollut. Control Fed., 47:
2783- 2808.
Mertz, W. (1969) Chromium occurrence and function in biological
systems. Physiol. Rev., 49: 163- 239.
Morgutti, S., Sacchi, G.A. and Cocucci, S.M. (1984) Effects of
Ni2+ on proton extrusion, dark CO2 fixation and malate
synthesis in maize roots. Physiol. Plant., 60: 70- 74.
Narasiah, K.S., Morasse, C. and Larue, M. (1987) Performance of
aerated lagoons in treating wastewater from small
communities. Water Sci. Technol., 19: 65-75.
Nesbett, J.B. (1969) Phosphorous removal, the state of the art.
J. Wat. Pollut. Control Fed., 41: 701- 713.
161
Nielsen, E.S. and Kamp-Nielsen, L. (1970) Influence of
deleterious concentration of copper on growth of
Chlorella pYrenoidosa. Physiol. Plant., 23: 828- 840.
Nielsen, E.S., Kamp-Nielsen, L. and Wium-Andersen, S. (1969) The
effect of deleterious concentrations of copper on the
photosynthesis of Chlorella pyrenoidosa. Physiol. Plant.,
22: 1121- 1133.
Nielsen, E.S. and Wium-Andersen, S. (1971) The influence of Cu
on photosynthesis and growth on diatoms. Physiol. Plant.,
24: 480- 484.
Nicholas, S., Fisher, A. and Jones, G.J. (1981) Heavy metals and
marine phytoplankton: Correlation of toxicity and
sulfhydryl-binding. J. Phycol., 17: 108- 111.
Oswald, W.J., Gotaas, H.B., Golueke, C.G. and Kellen, W.R.
(1957). Algae in waste treatment. Sewage and Industrial
Waste, 29: 437- 455.
Overnell, J. (1975) The effect of some heavy metal ions on
photosynthesis in a freshwater alga. Pesticide
Biochemistry and Physiology, 5: 19- 26.
J.F. and Janauer, G.E. (1974) Analysis for chromium
Pankon,
traces in natural waters. Part I. Preconcentration of
chromate from PPB levels in aqueous solutions by ion
exchange. Anal. Chim. Acta., 69: 97- 104.
H.G. and Healey, F.P. (1985) Comparative pH dependent
Peterson,
metal inhibition of nutrient uptake by Scenedesmus
adricauda (Chlorophyaceae). J. Phycol., 21: 217-212.
_qu
162
Peterson, H.G., Healey, F.P. and Wagemann, R. (1984) Metal
toxicity to algae: A highly pH dependent phenomenon. Can.
J. Fish. Aquat. Sci., 41: 974- 979.
Ral, L.C., Gaur, J.P. and Kumar, D.H. (1981) Protective effects
of certain environmental factors on the toxicity of zinc,
mercury and methylmercury to Chlorella vulgaris.
Environmental Research, 25: 250- 259.
Ral, L.C. and Raizada, M. (1986) Nickel induced stimulation of
growth, heterocyst differentiation, 14CO2 uptake and
nitrogenase activity in Nostoc muscorum. New Phytol.,
104: 111- 114.
Reeves, G.T. (1972) Nitrogen removal: A literature review. J.
Wat. Pollut. Control Fed., 44: 1895- 1908.
Reynold, C.S. (1981) Cattle deaths and blue green algae: A
possible instance from Cheshire, England. Water Eng.
Sci., 35: 74- 76.
Riedel, G.F. (1984) Influence of salinity and sulfate on the
toxicity of chromium(VI) to the estuarine diatom
Thalassiosira pseudonana. J. Phycol., 20: 496- 500.
Rosko, J.J. and Rachlin, J.W. (1977) The effect of cadmium,
copper, mercury, zinc and lead on cell division, growth,
and chlorophyll a content of the Chlorophyte, Chlorella
vulgaris• Bulletin of the Torry Botanical Club, 104: 226
233.
Samejima, H. and Myers, J. (1958) On the heterotrophic growth of
Chlorella pyrenoidosa. J. gen. Microbial., 18: 107- 117.
163
Shannon, E.E. (1980) Physical-chemical phosphorus removal
processes. Nutrient Control Technology Seminar, Calgary,
Canada.
Singh, C.B., Verma, S.K. and Spingh, S.P. (1987) Impact of heavy
metals on glutamine synthesis and nitrogenase activity in
Nostoc calcicola. J. Gen. Appl. Microbial., 33: 87- 91.
Singh, S.P. and Yadava, V. (1984) Cadmium indiced inhibition of
ammonium and phosphate uptake in Anacystis nidulans:
Interaction with other divalent cations. J. Gen. Appl.
Microbiol., 30: 79- 86.
Soeder, C.J. and Engelmann, G. (1984) Nickel requirement in
Chlorella emersonii. Archives of Microbiology, 137: 85-
87.
Somiya, I., Tsuno, H. and Matsumoto, M. (1988) Phosphorus
release-storage reaction and organic substance behaviour
in biological phosphorous removal. Water Research, 22: 49
- 58.
Spencer, D.F. (1980) Nickel and aquatic algae. In: Nickel in The
Environment. Nriagu J.O. ed. New York, John Wiley. p.339-
347.
Spencer, D.F. and Greene, R.W. (1981) Effects of nickel on seven
species of freshwater algae. Environmental Pollution
(series A), 25: 241- 247.
Spencer, D.F. and Nichols, L.H. (1983) Free nickel ion inhibits
growth of 2 species of green algae'. Environmental
pollution (series A), 31: 97- 104.
148
Steel, J.A. (1971) Factors affecting algal blooms. In: Microbial
Aspects of Pollution, Sykaes, G. and Skinner, F.A. ed.
The Society for Applied Bacteriology Symposium series
no.1. Academic Press. p.201- 213.
Stones, T. (1982) Removal of phosphates. Eff. Water Treat. J.,
22: 466- 467.
Stumm, W. and Morgan, J.J. (1970) Aquatic Chemistry. 1st edition,
Wiley-Interscience, New York.
Sundra, W.G. and Guilland, R.R. (1976) The relationship between
cupric ion activity and toxicity of copper to
phytoplankton. Marine Research, 34: 511- 529.
Sutton, D.M., Murphy, K.L. and Jamk, B.E. (1977) Nitrification
systems with integrated phosphorus precipitation. PCAO
conference, Toronto, Canada.
Taylor, A.W. (1967) Phosphorus and water pollution. Journal of
Soil and Water Conservation, 22: 228- 331.
Tetreault, M.J., Benedict, A.H., Kaempfer, C. and Barth, E.F.
(1986) Biological phosphorus removal: A technology
evaluation. J. Wat. Pollut. Control Fed., 58: 823- 837.
Vacker, D., Cornell, C.H. and Wells, W.N. (1967) Phosphate
removal through municipal wastewater treatment at San
Antonin, Texas. J. Wat. Pollut. Control Fed., 39:750-
771.
Vollenweder, R.A. (1968) The scientific basis of lake and stream
eutrophication with particular reference to the
phosphorus and nitrogen as eutrophication factor.
Technological report DAS/SCI/68, 27, OECD. Paris.
165
Wang, K., Wang, M.H. and Poon, C.P.C. (1984) Rotating biological
contacters. Eff. Water Treat. J., 24: 93- 97.
Wheeler, P.A. and Hellebust, J..A. (1981) Uptake and
concentration of alkylamines by a marine diatom. Plant.
Physiol., 67: 367- 372.
Witt, V. and Borchardt, J.A. (1960) The removal of nitrogen and
phosphorous from sewage effluents through the use of
algal culture. Journal of Biochemical and Microbiological
Technology and Engineering, 11: 187- 203.
Wium-Andersen, S. (1974) The effect of chromium on the
photosynthesis and growth of diatoms and green algae.
Physiol. Plant., 32: 308- 310.
Wong, P.K. (1979) Mass Cultivation of Chlorella Species in Sewage
Effluent and in Artificial Medium. M. Phil. thesis, The
Chinese University of Hong Kong, Hong Kong.
Yeoman, S., Stephenson, T., Lester, J.N. and Perry, R. (1988) The
removal of phosphorus during wastewater treatment: A
review. Environmental Pollution, 49: 183- 233.


